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GENERAL INTRODUCTION 
The enzyme system Na,K ATPase takes care for the active transport 
of Na and К ions across the animal plasma membrane. It is an enzyme 
which converts chemical binding energy into motion: the energy 
released by the hydrolysis of ATP results in ion transport. 
Na.K ATPase is an intrinsic membrane protein system, which is 
difficult to purify. It took almost 17 years after the discovery 
of the enzyme by Skou (1957) before a relatively fast and appropriate 
method for the purification of the enzyme was developed (Jflrgensen, 
1974a). This method leaves the protein complex surrounded by part 
of the plasma membrane lipids. This is required to retain the enzyme 
activity, but it greatly complicates the study of the enzyme structure. 
At the beginning of this study in 1978, much uncertainty 
existed about the structure of the Na,K ATPase complex, its molecular 
weight and the molar ratio of its subunits. The importance of 
the neutral lipids in the membrane environment of the enzyme had 
hardly been investigated. These aspects are discussed in more detail 
in chapter 1. 
Chapter 2 describes the methods used to separate and isolate 
the subunits of a highly purified Na,K ATPase preparation from 
rabbit kidney outer medulla. The separated subunits are chemically 
characterised. In chapter 3 the molecular weights and molar ratio 
are determined and a proposal for the molecular structure of the 
enzyme is made. During these studies, a considerable discrepancy 
between the results of the comnonly used Lowry (1951) method for 
determination of protein and an absolute method, amino acid 
analysis, has been noticed. This finding appears to have consider­
able consequences for a variety of enzyme parameters, like 
phosphorylation- and substrate binding capacities. In chapter 4 
these parameters are re-evaluated in relation to the estimated 
molecular weights and the molar ratio of the subunits. The results 
appear to rule out a "half of the sites" mechanism. The possibility 
of the αβ-unit to be the minimal unit needed for overall Na,K-
ATPase activity, is discussed. 
In chapter 5 the structure of the highly purified enzyme 
preparation is completed by further analysing the membrane part of 
the enzyme. So far only reliable data on the phospholipid composition 
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are known, but few details on cholesterol and minor lipid components 
were available. A detailed analysis of all these lipids is reported, 
including the fatty acid composition of all fatty acid containing 
lipids. The experiments described in chapter 6, are performed to 
elucidate the possible role of cholesterol for the activity of the 
enzyme, which has been suggested by some investigators (see section 
1.6). Efforts to replace all phospholipids, present in the purified 
preparation by a single phospholipid, egg phosphatidylcholine 
are presented. 
The methods, developed in order to elucidate the molecular 
structure of Na,K ATPase, have also been applied to the proton 
transport system K,H ATPase. The results are presented in chapter 7, 
and are compared with those obtained for Na,K ATPase. 
Finally, chapter 8 presents a general discussion of all findings, 
and perspectives for further research on the transport ATPases 
are set forth. 
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CHAPTER 1 
INTRODUCTION 
1.1 Characteristics of Na.K ATPase 
In animal cells, the cytoplasmic concentration of Na ions is 
considerably below, and that of К ions above their concentrations 
in the extracellular fluid. In order to maintain these concentration 
gradients in the face of passive leakage, active transport of these 
cations against their electrochemical gradients is required. The pump 
system which is responsible for this active transport is an enzyme 
called Na,K ATPase. It is an ATPase, because it splits ATP in ADP 
and Pi. The energy released by this process is used for the active 
transport of Na and К ions across the cell membrane. These cations 
are also required for the activation of the enzyme. Hence, it is 
called a Na.K activated ATPase, abbreviated: Na,K ATPase. 
The cell membrane is the only barrier between cytoplasma and 
extracellular fluid. Since the cation gradients exist across the cell 
membrane, the Na.K ATPase system is expected to be located in the 
cell membrane. This has indeed been confirmed in all cases, where 
this has been investigated. As a result, the Na,K ATPase is now 
considered to be a marker enzyme for the plasma membrane. 
1.2 Function 
The general function of the Na.K ATPase system is the active 
transport of Na and К ions in opposite direction across the plasma 
membrane. This may however, lead to quite different physiological 
functions, depending on the cell type: single cells, secretory 
epithelia or excitatory tissues (Bonting, 1970; 1981a pp.73-90). 
In single cells, of which the erythrocytes are the most 
extensively studied representatives, the primairy role of the cation 
pump is the prevention of osmotic swelling. In its absence the cells 
would swell due to the high intracellular concentration of charged 
molecules, which cannot pass the cell membrane. Other important 
functions are its driving role in the active uptake of nutrients, and 
possibly the maintenance of a high intracellular К level required 
for protein synthesis. 
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In the various excitatory systems the cation gradients across 
the cell membrane caused by Na,K ATPase, supply the membrane poten­
tials, which are crucial for the excitation process. Examples of these 
systems are the nerve cell, the muscle cell, the photoreceptor cell, 
the cochlea of the inner ear and the electric organ of electric fish. 
In seretory systems, such as kidney, liver, intestine and 
pancreas, Na,K ATPase acts as the driving force for the secretion 
(pancreas) or absorption (kidney, intestine) of fluid and solutes. 
In specialised glands, e.g. the salt gland of marine birds and the 
rectal gland of elastnobranch fishes, the major function of the Na,K-
ATPase is to remove part of the salt from the sea water which is 
consumed by these animals. The kidney of these marine animals has 
insufficient capacity to remove all salt ingested from the sea 
water. 
I.3 Reaction mechanism 
The overall Na,K ATPase reaction leads to the hydrolysis of 
ATP to ADP and Pi. Per molecule of ATP split, three Na ions are 
transported to the extracellular compartment, while simultaneously 
two К ions are tranferred to the intracellular compartment (Glynn 
and Karlish, 1975; Coldin, 1977). This reaction is under control 
+ + 2+ 
of the substrate ATP, and the activating cations Na , К and Mg 
The activating sites for ATP, Na and Mg are intracellular, and 
those for К extracellular. The enzyme is specifically inhibited 
by the cardiac glycoside ouabain, which acts only extracellularly 
(Schuurmans Stekhoven and Bonting, 1981a, pp. 6-11). 
Various reaction schemes have been presented to describe the 
Na,K ATPase reaction mechanism (Robinson and Flashner, 1979. p.169; 
Cantley, 1981, p.216; Schuurmans Stekhoven and Bonting, 1981a, 
p.27). The simplest scheme, shown in Figure 1, can be used to explain 
the main aspects of the Na,K ATPase reaction. The E. conformation 
of the enzyme, which has a high intracellular affinity for Na 
2+ ions, can be phosphorylated in the presence of Mg ions and a 
low (micromolar) concentration of ATP to a high energy intermediate 
E.~ P. During a conformational change the E.~ Ρ form changes to the 
low energy intermediate E,- P. This step involves a shift of the 
intracellular Na binding sites to the extracellular compartment, 
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E. 
ATP ADP 
E 2 ^ ^ E 2 - Ρ 
r 
Pi 
Figure 1.) Reaction scheme of Na,К ATPase 
causing a lowering of their affinity for Na , leading to an extra­
cellular release of Na ions and thus to Na transport across the 
cell membrane. The E_- F intermediate then binds extracellular К 
ions, which accelerates the hydrolysis of the E-- Ρ to E, and Pi. 
Finally, E_ undergoes a conformational change back to E., which 
transition is enhanced by the binding of relatively high (millimolar) 
2+ 
ATP concentrations in the presence of Mg . During this conformational 
change the К binding sites shift to the intracellular compartment 
with concomitant lowering of their affinity, leading to inward 
transport of К ions and their release to the cell interior. This 
completes the reaction cycle of the Na,K ATPase system, and the 
whole process may start again. 
1.4 Purification 
Na.K ATPase is an intrinsic plasma membrane protein, embedded 
in the lipid bilayer of the membrane. It is relatively difficult 
to purify, since the enzyme requires a lipid environment for its 
activity. Two approaches have been applied for its purifcation, 
both starting from the microsomal fraction of a tissue with high 
Na,K ATPase activity, such as kidney, rectal gland, salt gland or 
electric organ. 
In the first approach the Na.K ATPase protein is solubilized 
from the membrane by means of a detergent (Lubrol or deoxycholate), 
followed by molecular sieve chromatography, anmonium sulfate 
fractionation or sucrose density gradient zonal centrifugation. 
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In a second approach contaminating minor proteins are removed by 
extraction with a low concentration of the detergent sodium dodecyl 
sulfate under carefully controlled conditions, followed by sucrose 
density gradient zonal centrifugation (see Schuurmans Stekhoven and 
Bonting, 1981a, pp.5-6). 
Generally, the enzyme preparation obtained by the first method 
is less stable than the insoluble preparation obtained by the second 
method (see section 7.3.1). This is probably due to the presence 
of detergent, the removal of which is difficult since both enzyme 
and detergent are soluble. However, separation of the enzyme and 
detergent has recently been achieved by means of affinity chroma­
tography on concanavalin A Sepharose (Esmann et al., 1980a). On a 
weight basis, the solubilized preparation still contains 20-40% 
phospholipid compared to the protein weight. Its specific activity 
ranges from 1000-1900 ymoles ATP split per mg protein per hour 
(Perrone et al., 1975). 
The enzyme suspension obtained by the second method is quite 
stable: it can be kept at 20 С without loss of activity for at least 
98 hours (see section 7.3.1). On a weight basis, it contains about 
equal amounts of protein and lipid and it has high specific activities 
of 1000-2400 umoles ATP split per mg protein per hour. 
A combination of both methods has also been used, treating the 
microsomal fraction first by the second method and then by the first 
(Skou and Esmann, 1979a). This combined method can yield a completely 
solubilized enzyme preparation of high specific activity (1500-2400 
pmoles ATP split per mg protein per hour) and a low phospholipid 
content of 0.2 mg phospholipid per mg protein (Hastings and Reynolds, 
1979; Esmann et al., 1979; Esmann, 1980a; Brotherus et al., 1981). 
1.5 Protein structure of the enzyme 
Na,K ATPase is composed of two different subunits, which can 
generally be observed after SDS Polyacrylamide gel electrophoresis 
of a purified preparation. The heavy subunit (α), with approximately 
100 kD molecular mass, can be phosphorylated by ATP as well by Pi, 
and it contains binding sites for ATP and ouabain, so it clearly 
represents the catalytic subunit (see Schuurmans Stekhoven and 
Bonting, 1981a, pp.21-24). The light subunit (В), with approximately 
Table I.I Molecular mass of units and subunits of Na,K ATPase 
Molecular mass of Technique used 
protein component(kD) 
References 
α (catalytic subunit) 85 - 95 
106 
120 
SDS gel electrophoresis 
II 
Equilibrium sedimentation (in SDS) 
II 
Gel filtration 
SDS gel electrophoresis 40 - 60 
(protein + carbohydrate) 
37 - 40 Equilibrium sedimentation (in SDS) 
II 
35 - 45 Gel filtration 
(protein + carbohydrate) 
56 SDS gel electrophoresis (after 
glycosidase treatment) 
γ (proteolipid) 
oS 
Ouabain binding site 
Functional Na.K ATPase 
II 12 SDS gel electrophoresis 
140 
165 - 231 
170 ± 9 
250 - 290 
175 
160 
276 
380 
190 - 350 
170 ± 9 
Sedimentation velocity in Triton X 100 
Equilibrium sedimentation 
(in digitonin) 
Velocity or equilibrium sedimentation 
and gel filtration (in C.-E ) 
Equilibrium binding (based on Lowry) 
Equilibrium binding (based on amino 
acid analysis) 
Equilibrium binding 
Equilibrium sedimentation (in С .E.) 
Equilibrium sedimentation 
(in Lubrol WX) 
Radiation inactivation 
Peterson et al., 1978 
Peterson and Hokin, 1981 
Hastings and Reynolds, 1979 
Esmann et al., 1980b 
Craig and Kyte., 1980 
Kyte, 1971; Hokin, 1974 
Peterson and Hokin, 1981 
Hastings and Reynolds, 1979 
Esmann et al., 1980b 
Kyte, 1972 
Craig and Kyte, 1980 
Reeves et al., 1980 
Hardwicke and Freytag, 1981 
Clarke, 1975 
Winter and Moss, 1979 
Brotherus et al., 1981 
J^rgensen, 1974b 
Moczydlowski and Fortes, 1981 
Matsui et al., 1981 
Esmann et al., 1979 
Hastings and Reynolds, 1979 
Kepner and Macey, 1968 
Ellory et al., 1979 
Schrijen, 1981a, p.120 
Brotherus et al., 1981 
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50 kD molecular mass, is a glycoprotein, which shows a positive 
periodic acid Schiff (PAS) staining. Its involvement in the ATPase 
reaction has not yet been clarified, although there are indications 
that the β-subunit forms part of the ATPase complex: 1. the ß-subunit 
always copurifies with the a-subunit to the same extent. 2. anti-
bodies directed against the B-subunit inhibit the overall ATPase 
activity (Rhee and Hokin, 1975; Zaheer et al., 1981)· 3. the α and 6-
subunits can be crosslinked (Kyte, 1972; Liang and Winter, 1977; De 
Pont, 1979), indicating that the two subunits are located very 
closely together. 
In addition to the a- and ß-subunits a relatively small 
protein (10-11 kD) has been isolated from purified enzyme preparations 
from lamb kidney (Reeves et al., 1980) and shark rectal gland 
(Hardwicke and Freytag, 1981)· This has been claimed to be a third 
subunit (γ) of Na.K ATPase, but it would not be essential for ATPase 
activity (Hardwicke and Freytag, 1981), although it can probably bind 
ouabain (Forbush et al., 1978; Rogers and Lazdunski, 1979). 
Considerable uncertainty and controversy has existed concer­
ning the molecular weights and the molar ratio of the subunits. The 
variously reported values for the molecular weights of the separate 
subunits, aß-units, substrate binding units and functional Na.K ATP-
ase units are collected in Table 1.1. For the molar subunit ratio the 
following values have been propsed: α.β. (Dixon and Hokin, 1974; 
Hopkins et al., 1976; Peterson et al., 1978), α.Β, (Lane et al., 
1973; J¿rgensen, 1974b, Ciotta, 1976; Peterson et al., 1978; Craig 
and Kyte, 1980; Peterson and Hokin, 1981), a.ß. (Esmann et al., 1979), 
α,β, (Kyte, 1972; Hastings and Reynolds, 1979) and aRß (Hansen et al., 
1979). 
1.6 Lipid composition 
The Na,К ATPase system requires a lipid bilayer matrix for 
its activity. The main lipids of the membrane lipid bilayer are the 
phospholipids and cholesterol. Other lipids are also present, but 
have been much less thoroughly investigated. Most studies so far 
have been concerned with the content and role of the phospholipids. 
Early studies, involving delipidation followed by reconstitution 
with specific phospholipids, suggested a specific requirement for 
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negatively charged phospholipids, phosphatidylserine and/or 
phosphatidylinositol (see Kimelberg, 1976). However, specific 
enzymatic breakdown of the negatively charged phospholipids by 
phosphatidylserine decarboxylase and phosphatidylinositol specific 
phospholipase С causes only a minor loss of activity (De Pont et al., 
1978), indicating that there is no specific requirement for these 
phospholipids. 
The fatty acids of the phospholipids have some effect on the 
enzyme activity. This was shown when Na,K ATPase was reconstituted 
with phosphatidylcholine, containing fatty acids of various chain 
lengths. Optimal activity was reached for chain lengths between 16 
and 21 carbon atoms (Johannsson et al., 1981 a). The degree of 
unsaturation of the acyl groups of a phospholipid also has influence 
on ATPase activity. Reconstitution experiments show that the higher 
the degree of unsaturation, the higher the specific activity (Kimel­
berg and Papahadjopoulos, 1974). Thus the fatty acyl groups of the 
phospholipids may to a certain extent influence the Na.K ATPase 
activity. 
The effect of cholesterol on Na,K ATPsae is disputed, some 
authors claiming it to be essential for ATPase activity (Noguchi and 
Freed, 1971; Järnefelt, 1972; Seiler and Fiehn, 1976), while others 
concluded it to be non-essential (Roelofsen et al., 1966; Wheeler 
and Isern de Caldentey, 1980). However none of these studies has been 
carried out on highly purified Na,K ATPase preparations, which may 
complicate the proper interpretation of the results. 
Little is known about the content and function of the minor 
lipids present in purified Na,K ATPase preparations. Experiments have 
so far been carried out only with relatively impure preparations 
of the enzyme. Some investigators claim a role for the sulfatides 
present in Na,K ATPase preparations, since they find a correlation 
between the enzyme activity and the sulfatide content in a series of 
tissues (Karlsson et al., 1974; Hansson et al., 1979). In addition, 
a decrease in the Na efflux from erythrocytes was reported after 
treatment of the cells with arylsulfatase, which hydrolyses sulfatides 
(Zambrano et al., 1981). No data are available about the content and 
role of other minor lipids. 
In the case of a nearly completely delipidated preparation of 
Ca .Mg ATPase from sarcoplasmic reticulum, which contained no ATPase 
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activity, the activity could be restored by adding a variety of 
detergents (Dean and Tanford, 1977; Melgunow and Akinova, 1980; Dean 
and Suárez, 1981). The detergents are apparently able to take over 
the role of the membrane lipids in maintaining enzyme activity. 
Presumably, the role of the lipids is to surround the individual 
enzyme molecules with a fluid environment, which keeps them from 
aggregation and maintains the flexibility required for the conforma-
tional changes occurring during the reaction cycle. 
1.7 Comparison of Na,K ATPase and K,H ATPase 
Κ,H ATPase is an ATPase, which is located in parietal cells of 
the gastric mucosa and which is involved in the acid secretion process 
of the stomach (De Pont and Bonting, 1981; Sehrijen, 1981a). The enzyme 
drives the transmembrane, electroneutral counter transport of К and H 
ions through hydrolysis of ATP. The H ions are transported to the 
extracellular fluid. The enzyme is stimulated by extracellular К ions 
2+ + 
and requires Mg ions for its activity. It is assumed that H ions 
are also required for stimulation of the enzyme, although this has not 
yet been demonstrated. 
The catalytic cycle of the K,H ATPase is essentially similar 
to that of Na,K ATPase (Fig. 1.1), H ions being transported across 
the membrane instead of Na ions (Wallmark et al., 1980). Some general 
enzymatic properties of both enzymes are presented in Table 1.2. 
Table 1.2 Some properties of Na,K ATPase and K,H ATPase 
Na,К ATPase K.H ATPase 
(Schuurmans Stekhoven (De Pont and Bonting, 
and Bonting, 1981) 1981) 
Main substrate 
Km ATP, high affinity site 
Km ATP, low affinity site 
Stimulating cations 
Ions transported per ATP 
hydrolysed 
2+ 
Optimal Mg /ATP ratio 
pH optimum 
Specif ic inhibitor 
ATP»>CTP > ITP > GTP ATP > dATP » CTP 
1 liM 
0.5 vU 
Na +, K+, Mg 2 + 
3 Na+/2 K + 
7.0 - 7.4 
ouabain 
74 μΜ 
1 mM 
H +7, K +, Mg 2 + 
1 K+/l H* (Reenstra and 
Forte, 1981) 
6.7 - 7.0 
substituted benzimida-
zoles (Fellenius et al., 
1981) 
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Both ATPases require a lipid environment for their activity. 
However, the purified K,H ATPase is much more sensitive to phospholipid 
degradation than a purified Na,K ATPase preparation, although the 
phospholipid composition of both preparations is very similar (De Pont 
et al., 1978; Schrijen et al., 1981b). 
Κ,H ATPase, like Na,К ATPase and Ca,Mg ATPase, shows after SDS 
gel electrophoresis a 100 kD protein band which can be phosphorylated 
and thus contains the catalytic subunit. The 100 kD protein band of 
K,H ATPase, in contrast to that of Na,K ATPase and Ca.Mg ATPase, is 
claimed to consist of three different proteins, the catalytic subunit, 
a glycoprotein and another non-glycoprotein subunit (Saccomani et al., 
1979). The function of the latter two subunits, if they exist, is un­
known. The presence of a tightly associated 50 kD subunit is unique for 
the Na,K ATPase system. In Ca,Mg ATPase preparations from sarcoplasmic 
reticulum also a major intrinsic 50 kD glycoprotein is present, which 
however is completely separable from the catalytic subunit without 
loss of ATPase activity (Campbell and McLennan, 1981). The presence 
of a 12 kD subunit, as claimed by some investigators for Na,K ATPase 
and Ca,Mg ATPase (Racker and Eytan, 1975; Reeves et al., 1980; 
Hardwicke and Freytag, 1981), has not been reported yet for K,H ATPase. 
Values ranging between 270 and 440 kD have been determined 
for the protein molecular mass of the K,H ATPase system by radiation 
inactivation (Saccomani et al., 1981; Schrijen, 1981a, p. 120). 
Table 1.1 shows that for Na,К ATPase values in the same range have 
been found by means of various techniques. 
In conclusion, we may say that K,H ATPase and Na,K ATPase 
show considerable similarities in function and properties, but that 
much is still unclear about their molecular structure. 
1.8 Aims of this study 
The first step in the elucidation of the molecular structure 
of an enzyme is its purification. Purification of an integral mem­
brane protein like Na,K ATPase is not easy, and so it is understandable 
that it took 17 years after the discovery of the enzyme by Skou in 
1957 until J^rgensen introduced the SDS extraction method (see section 
1.4). 
Using a purified Na,K ATPase preparation obtained from rabbit 
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kidney outer medulla, our first aim was to separate and isolate the 
a- and ß-subunits in order to determine their molecular weights and 
their molar ratio. With this information and knowledge of the molecular 
weight of the intact enzyme, we aimed to determine the subunit 
composition of the enzyme. 
In view of the uncertainty about the homogeniety or hetero-
geneity of the 100 kD band of K,H ATPase, we applied the same proce-
dure to this enzyme in order to arrive at its subunit composition. The 
findings have been compared with those obtained for Na,K ATPase. 
A large error in the Lowry protein determination, discovered 
in our work on the subunits, made us redetermine the number of substrate 
binding and phosphorylation sites of the Na,K ATPase molecule. 
The lack of information on the content and role of the neutral 
lipids in the Na.K ATPase preparation led us to a study of the neutral 
lipids: cholesterol, mono-, di-, and triglycerides. The requirement 
of cholesterol for the activity of the enzyme was studied by means 
of two more or less specific methods of removal of this lipid. 
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CHAPTER 2 
ISOLATION AND CHEMICAL CHARACTERISATION OF THE SUBUNITS* 
2.1. INTRODUCTION 
Although there is general agreement on the presence of two diffe­
rent subunits in the Na,K ATPase complex from various sources 
(JlSrgensen, 1975; Peterson et al., 1978), there are conflicting reports 
about the molecular weights of the two subunits and about the subunit 
composition of the enzyme molecule. Protein molecular mass values of 
35-56 kD have been reported for the β subunit and of 85-120 kD for the 
α subunit. Molar compositions which have been proposed for the Na,K 
ATPase from various sources are ajBi, a2$2t a2^3t а2&ц and αββ
χ
 (see 
section 1.5). 
The confusion concerning the molecular weights and the molar ratio 
appears to be mainly due to the unreliability of molecular weight 
determinations of glycoproteins and especially of membrane proteins by 
SDS-polyacrylamide gel electrophoresis. In addition, determining the 
relative amounts of the subunits by gel scanning after Coomassie 
brilliant blue staining of the separated subunits leads to inaccurate 
results, since different proteins show different degrees of staining. 
In order to obtain reliable data on the subunit composition, it is 
first necessary to separate and isolate the subunits from a highly 
purified enzyme preparation and secondly to determine the protein, 
carbohydrate and lipid composition of the isolated subunits, including 
their molecular weights. Only then can the subunit composition of the 
enzyme be determined from a number of physical and chemical measurements 
on the intact enzyme and on the isolated subunits. 
In this chapter we describe the separation, isolation and chemical 
characterisation of the subunits. In the next chapter their molecular 
weights are determined by means of equilibrium sedimentation. Moreover 
three independent approaches are applied to the determination of the 
subunit ratio in the enzyme complex. 
•Adapted from Peters et al. (1981a) 
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2.2. METHODS 
2.2.1. Purification of Na,K ATPase by extraction of contaminating 
proteins 
2.2.1.1. P£e2aration_of_microsomes 
Rabbit kidneys, freshly obtained from a packing plant, are stored 
at О С in a buffer solution containing 0.25 M sucrose and 30 mM 
histidine (pH 7.2). They can be stored in this way for up to 15 hrs. 
before dissection, but they should not be frozen. The kidneys are cut in 
slices of 2-3 mm thickness. On the cut surface, going from cortex to 
papilla, one can distinguish a brownish outer layer (cortex), a pink 
middle layer (outer medulla), and a white part (inner medulla with 
papilla). By careful dissection the outer medulla is obtained free from 
cortex and inner medulla, which is essential for purification. 
The outer medulla is homogenised in nine volumes of the storage 
buffer in a Potter-Elvehjem homogeniser (glass-teflon) by five strokes 
at 1000 rpm. The resulting homogenate is centrifuged for 15 min. at 
10,000g . The supernatant is saved and the pellet is rehomogenised in 
the same volume of buffer and centrifuged again for 15 min. at 
I5,000g . The two supernatant fractions are combined and centrifuged 
for 30 min. at 48,000g . The 48,000g pellet, which is called the 
microsomal fraction, is homogenised in the same buffer and stored at 
-20 С All operations are carried out on ice,and centrifugations are 
performed in a Servali SS 34 rotor on a Servali RC 2B centrifuge. 
2.2.1.2. Microsome_ex tract ion and sucrose densit^centrifugation 
Microsomes are incubated in a medium containing 25 mM imidazole/HCl 
(pH 7.4), 5 mM ATP, 2 mM EDTA, 0.58 mg.ml"1 SDS. The detergent is added 
after addition of 1.4 mg.ml microsomal protein and mixing. Extraction 
is performed by incubating the mixture (final volume 250 ml) for 55 min. 
at 20 C, followed by addition of 20g sucrose. The resulting preparation 
is applied on a sucrose density gradient. The gradient is prepared in a 
MSE BXV zonal rotor. It is a linear gradient of 15-40Z (w/v) sucrose 
over a cushion of 50% (w/v) sucrose. The sucrose solutions contain 1 mM 
EDTA and 25 mM imidazole/HCl (pH 7.4). An overlay of 200-250 ml 25 mM 
imidazole/HCl buffer (pH 7.4), containing 1 idi EDTA is added just after 
the sample, the rotor is sealed and centrifuged overnight at 20,000 rpm 
(40,000g^ ) at 4 С in a MSE Prepspin 50 ultracentrifuge. After braking 
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the rotor to 2000 rpm, it is emptied dynamically and the gradient in-
between 32-40Z (u/v) sucrose is divided in 15 ml fractions. The 280 nm 
absorbance is continuously monitored. The fractions, which contain Na,K 
ATPase activity, are diluted 1:1 with a buffer containing 2 mM ATP, 
1 mM EDTA, 25 mM imidazole/HCl (pH 7.A). This mixture is centrifuged for 
60 min. at 40,000 rpm in a MSE 8x50 rotor (195,000g. ). The resulting 
pellets, which contain the Na,K ATPase activity, are rehomogenised in 
1 mM EDTA, 25 mM imidazole buffer containing 250 mM sucrose, and are 
stored at -20 C. The specific activity of this preparation varies from 
1.0-2.3 mmoles ATP hydrolysed.mg protein.hour 
2.2.2. Determination of Na,K ATPase activity 
+ + 2+ 
Na plus К stimulated, ouabain sensitive Mg ATPase activity is 
determined as the difference in ATPase activity in two media, one 
yielding total ATPase activity and one yielding the ouabain insensitive 
rest ATPase activity. The composition of the media is given in table 2.1. 
Table 2.1 Composition of Na,К ATPase assay media 
medium A medium E 
(total ATPase activity (rest ATPase activity) 
100 mM NaCl 100 πΜ NaCl 
10 mM KCl 0.1 mM Ouabain 
5 vM MgCl 2 5 mM MgCl 2 
5 πΜ Na2ATP 5 пИ Na ATP 
50 su Imidazole/HCl (pH 7.4) 50 mM Imidazole/HCl (pH 7.4) 
The Na,К ATPase activity is calculated as the difference between the 
activities in media A and E. 
The reaction is started by addition of the enzyme (up to 50 μΐ 
volume) to 400 μΐ assay medium preincubated at 37 C. After the desired 
period of incubation at 37 C, the enzyme reaction is stopped by addition 
of 1.5 ml cold 8.6% (w/v) trichloroacetic acid (TCA). To each tube 1.5 
ml of a freshly prepared solution of 9.6% (w/v) ΓβΕΟ,.βΗ,Ο, 1.I5Z (w/v) 
ammonium heptamolybdate in 0.66 M H.SO, is added. The absorbance at 
700 run is determined after standing for 30 min. at room temperature. 
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The amount of ATP hydrolysed can be calculated from the 700 ran absorbance 
of standard inorganic phosphate solutions (0.625 and 1.25 mM P.), 
treated in the same way. To correct for non-enzymatic phosphate pro­
duction, endogenous phosphate and reagent stain, blanks are prepared by 
incubating 400 μΐ medium E and adding the enzyme after the addition of 
TCA solution. The assay is adapted from the procedure described by 
Bonting (1970, pp 262-263). 
2.2.3. Protein determination 
Protein is determined according to the method of Lowry et al. 
(1951), after TCA precipitation as described by Jrfrgensen (1974a) (see 
section 4.2.4.1). Bovine serum albumin is used as a standard. More exact 
protein determinations are achieved by adding the weights of the 
separate amino acid residues after amino acid analysis (section 4.2.4.2). 
2.2.4. Solubilisation and gel filtration of the enzyme 
The enzyme (4-10 mg protein) is solubilised in 1.5 ml 25 mM Tris/ 
HCl (pH 7.4) buffer solution, also containing 1 mM EDTA, 6% SDS (w/v) 
and 3Z β-mercapto-ethanol (v/v). The mixture is left at room temperature 
for 3 hours under gentle shaking, and is filtered through a Selectron 
filter of 1.2 um pore size to remove insoluble impurities (which do not 
contain protein). The resulting clear solution is loaded on a Sephadex 
G 200 superfine (Pharmacia, Uppsala, Sweden) gel filtration column 
(2.6x95 cm), which is eluted with a buffer solution containing: 25 mM 
Tris/HCl (pH 7.4), 1 mM EDTA and 0.1% SDS. The flow rate is 3 ml/hr and 
2 ml fractions are collected. The flow direction in the column is from 
bottom to top to prevent clogging of the column and to obtain better 
separation of the subunits. The elution process is followed by monitoring 
the 280 nm absorbance of the fractions. 
2.2.5. Carbohydrate analysis 
All sugar analyses, except those of amino sugars, are carried out 
after hydrolysis in 2 M HCl for 2.5 h at 100oC in sealed evacuated glass 
tubes. Neutral sugars are assayed by gas liquid chromatography according 
to Lange ve Id et al. (1978). Glucose is also determined enzymatically by 
the hexokinase/glucose-6-phosphate dehydrogenase method (Boehringer, 
- 17 -
Mannheim, FRG). Sialic acid is measured by the fluorometric assay of 
Hammond and Papermaster (1976). Glucosamine and galactosamine are de­
termined on the amino acid analyser. Sucrose is determined enzymatically 
by the β fructosidase-hexokinase/glucose-6-phosphate dehydrogenase 
method (Boehringer, Mannheim, FRG). 
2.2.6 Phospholipid analysis 
Total lipid extraction is carried out with chloroform/methanol 
(2:1 v/v), and the extract is washed with 0.1 M KCl (Folch et al., 1957). 
Phospholipid analysis of the lipid extract is carried out by two dimen­
sional thin layer chromatography on silica gel, containing 4% alkaline 
magnesium silicate (Broekhuyse, 1978). The phosphorus content of the 
lipid spot is measured by a modified Fiske-Subbarow method (Broekhuyse, 
1978). 
2.2.7. Gel electrophoresis 
SDS Polyacrylamide slab gels (0.75x160x160 mm), with varying con­
centrations of acrylamide (7-152, w/v), are prepared and run according 
to Laemmli (1970). Molecular weight standards are: lactate dehydrogenase 
(36,000), ovalbumine (43,000), pyruvate kinase (57,000), bovine serum 
albumine (68,000), Phosphorylase a (94,000) and β galactosidase 
(116,000). 
2.3. RESULTS 
2.3.1. Subunit separation 
After solubilisation of the purified Na,K ATPase in 6Z SDS (w/v) 
the solution is not entirely clear. The insoluble material, which con­
tains no protein, is removed by centrifugation or filtration. The clear 
solution, which does not display any ATPase activity, is subjected to 
gel filtration in 0.1% SDS on a Sephadex G200 superfine column. The 
elution profile shows two protein peaks, which are completely separated 
from each other (Fig. 2.1). The first protein peak represents the a-
subunit and the second one the ß-subunit, as indicated by SDS gel 
electrophoresis (Fig. 2.2). The slot numbers of the gel of figure 2.2 
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Figure 2.1 Protein ( χ — χ ) and phospholipid ( · · ) patterns of the so lu-
b i l i zed Na,K ATPase after gel f i l t r a t i o n on Sephadex G-200 superfine (see 
sect ion 2.2.4) 
1 2 3 4 5 
Figure 2.2 SDS gel electrophoresis pattern of the different fractions 
of purified Na.K ATPase after gel filtration (section 2.2.4). 
Slots 1-5 correspond to the fraction numbers indicated in Fig. 2.1. 
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represent the fractions 1-5 indicated in figure 2.1. Figure 2.2 clearly 
shows the complete separation of the subunits, in slot 2+3 only a-subunit 
is present, while in slot 4+5 only 6-subunit can be detected. 
At an elution volume of about 450 ml a minor third peak is visible, 
which consists entirely of SDS and probably results from light scattering 
by mixed micelles of SDS and lipid. 
The separated subunits, after removal of SDS (section 3.2.1) do not 
contain ATPase activity or affinity for ATP or ouabain any more. 
2.3.2. Phospholipid content of the subunits 
Organic phosphate has been determined (section 2.2.6) in the elution 
fractions in order to determine when the phospholipids are leaving the 
column. Figure 2.1 shows that the major part of the phospholipids is 
separated from the proteins and emerges as a broad peak after the two 
subunit peaks. Two minor phosphate peaks elute together with the two 
protein peaks. This phosphate remains bound to the protein during a 
second gel filtration of each subunit (after concentration to 1.5 ml on 
a Minicon-B concentrator, and adding SDS and 8-mercapto-ethanol, see 
section 2.2.4), illustrated in figure 2.3. This suggests that this 
phosphate strongly adheres to the protein. 
Figure 2.3 Protein (x—x) and phospholipid (·—·) patterns after 
second gel filtration on Sephadex G-200 superfine of the a- and ß-
subunit preparations. 
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In order to determine whether this phosphate content represents 
bound phospholipids, the eluate of each subunit fraction is concentrated 
to about 0. 1 ml and is extracted with chloroform/methanol (section 
2.2.6). In both cases at least 90% of the phosphate is extractable by 
chloroform/methanol. Two-dimensional thin-layer chromatography of the 
extract yields the phospholipid compositions shown in Table 2.2, which 
also gives that of the native Na.K ATPase preparation. There is a con-
siderable similarity between these phospholipid compositions, even though 
the remaining phospholipids in the a- and fi-subunits represent only 2% 
and 5%, respectively, of the total phospholipid content of the native 
enzyme preparation. Only the phosphatidylinositol content of the isolated 
subunits seems to be lower than in the native enzyme preparation. 
2.3.3. Amino acid composition of the isolated subunits 
The amino acid composition of the two subunits and of the intact 
enzyme are shown in Table 2.3. There is a great similarity, except for 
Table 2.2 Phospholipid composition of isolated a- and ß-subunits and of 
intact enzyme 
Phospholipid phospholipid composition 
a-subunit (n=3) ß-subunit (n=3) total enzyme 
Sphingomyelin 
Phosphatidylcholine 
Phosphatidylserine 
Phosphatidylinositol 
Phosphatidylethanolamine 
23 ± 6 
31 ± 5 
11 ± 2 
1 ± 1 
33 ± 7 
17 ± 4 
37 ± 2 
11 ± 2.5 
1 ± 1 
33 ± 4.5 
(n=15)* 
1Θ ± 0.6 
36 ± 0.7 
13 ± 0.9 
6 ± 0.3 
28 1 1.0 
ug P/mg protein 0.74 1.66 33.1 
Values are given with standard error of the mean; η is the number of 
preparations analysed. 
* data derived from De Pont et al. (1978). 
Table 2.3 Amino acid composition of a- and 6-subunits and intact enzyme 
Amino acid ot-subunit β-subunit intact enzyme 
mol per 100 mol amino acids 
Aspartic ac 
Threonine 
Serine 
Glutamic ac 
Proline 
Glycine 
Alanine 
Cysteine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
id 
id 
Phenylalanine 
Tryptophan 
Hi stidine 
Lysine 
Arginine 
10.5 
6.0 
7.2 
10.4 
4.6 
8.0 
8.2 
0.9 
6.7 
2.3 
6.5 
9.3 
2.3 
4.0 
1.6 
1.9 
5.6 
4.7 
9.9 
4.1 
6.6 
11.8 
5.8 
9.9 
4.3 
0.7 
5.7 
2.1 
5.0 
7.1 
4.8 
5.3 
2.4 
0.5 
9.9 
4.7 
9.95 
5.6 
6.95 
10.7 
4.6 
8.65 
7.2 
0.8 
6.2 
2.6 
5.8 
9.35 
2.7 
4.5 
not det'd 
1.6 
6.7 
4.8 
Amino acid analysis is performed as described in section 4.2.4.2. Values 
are averages from analyses on two preparations after 4, 6, 24, 48 and 
72 hrs hydrolysis. The values for serine are extrapolated to zero time-
those for valine and isoleucine, to infinite time of hydrolysis. 
the four amino acids: alanine, histidine, tyrosine and lysine. The first 
two are much higher and the latter two much lower in the o-subunit than 
in the S-subunit. The percentage of nonpolar (hydrophobic) amino acids 
in the a-subunit (43.2%) is higher compared to that of the ß-subunit 
(37.7%), as is consistently found for the enzyme isolated from different 
species and organs (see Table 2.4). 
2.3.4. Carbohydrate composition of the subunits 
Both subunits contain carbohydrates and thus appear to be glyco-
proteins. The results of the carbohydrate determinations, listed in Table 
2.5lshow good reproducibility,except for the gas-chromatographic determi-
nation of glucose, which has also been observed by Perrone et al. (1975). 
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Table 2.4 Percentage of non-polar* (hydrophobic) amino acids 
in the a- and B-subunits of Na.tC ATPase from different sources 
Source rabbit dog lamb duck salt shark electric mean ± SD 
kidney kidney kidney gland rectal eel 
gland electroplax 
a-subunit 
ß-subunit 
43.2 
37.7 
44.5 
41.7 
44.4 
38.2 43.0 
45.0 
42.2 
44.7 
42.2 
44.4±0.7 
40.8+2.3 
* Proline, alanine, valine, methionine, isoleucine, leucine, phenyl-
alanine and tryptophan 
++: no data available for tryptophan 
Values are calculated from our results and from data of Kyte (1972; 
dog kidney), Lane et al. (1979¡ lamb kidney), Hopkins et al. (1976; 
duck salt gland), Perrone et al. (1975; shark rectal gland and 
electric eel electroplax). 
Table 2.5 Carbohydrate composition of a- and B-subunits 
Carbohydrate a-subunit 8-eubunit 
(mol/100 mol (g/100 g (mol/100 mol (g/100 g 
amino acid) protein) amino acid) protein) 
Mannose 
Galactose 
Glucose 
Glucosamine 
Galactosamine 
Sialic acid 
Total 
0.3 ± 0.1 
0.9 ± 0.1 
0.9 ± 0.2 
2.0 ± 0.2 
*n.d. 
0.3 ± 0.1 
0.5 ± 0.1 
1.5 1 0.2 
1.4 ± 0.4 
4.0 ι 0.4 
*n.d. 
1.1 ± 0.1 
4.4 ± 0.3 8.5 ± 0.6 
2.5 ± 0.1 3.9 ± 0.2 
5.5 ± 0.4 8.6 ± 0.6 
2.0 ± 0.5 3.2 ± 0.8 
10.1 ± 0.5 19.5 ± 1.0 
0.3 ± 0.1 0.6 t 0.2 
3.2 1 0.2 8.6 ± 0.4 
23.6 ± 0.8 44.4 ± 1.5 
*n.d.: not detectable 
Carbohydrate is analysed as described in section 2.2.5. 
Averages for multiple determinations on four preparations are given 
with standard error of the mean. 
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The variability in Che glucose concent might suggest Chat it 
derives from an extraneous source. Three possibilities of such an 
excraneous source have been investigated. 
1. Sucrose used in Che preparación and storage of the Na,K ATPase. This 
possibility, also suggested by Terrone et al. (1975), has been tested 
by means of enzymatic sucrose determinations on several purified subunit 
preparations. No sucrose is detected, although good recovery is obtained 
for added sucrose. 
2. Glycolipids present in the plasma membrane. Lipid extracts of native 
sucrose-free Na,K ATPase have been hydrolysed and analysed for glucose. 
Variable, minor amounts of glucose (<0.4g/100g protein) are found in 
these lipid extracts, but these can only account for a minor part of 
the amounts of glucose present in the subunits. 
3. Sephadex, an anhydroglucose polymer, used in the gel filtration 
column. In the eluate of the Sephadex column, glucose can be detected 
after hydrolysis. However, the amount of glucose found can again only 
account for a minor part of the glucose present in the subunit 
preparations. 
We must thus conclude that the glucose is largely really present 
in the subunite and is probably covalently bound. Remarkably, ve find 
an equal amount of glucose in the catalytic subunit of K,H ATPase from 
pig stomach (see section 7.3.3). 
2.4 DISCUSSION 
2.4.1. Subunit separation 
Separation of the <t- and ß-subvmits of Na,K ATPase has been reported 
for enzyme preparations from dog kidney (Kyte, 1972), lamb kidney (Lane 
et al., 1979), rabbit kidney (Jdrgensen, 1974b), duck salt gland (Hopkins 
et al., 1976), shark rectal gland (Perrone et al., 1975; Hastings and 
Reynolds, 1979) and electric eel electroplax (Dixon and Hokin, 1974; 
Perrone et al., 1975). In all these cases the enzyme has been solubilized 
in SDS, but different methods have been used for the subunit preparation. 
Our Sephadex gel filtration method gives complete separation of the 
two subunits. It also yields a nearly complete separation of protein and 
phospholipids, more than 95Z of the phospholipids being eluted after the 
elution of the a- and ß-subunits. However, there remains, a small amount 
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of phospholipid bound to each subunit, even after repeated gel filtration. 
This is also found for the catalytic subunit of K,H ATPase as shown in 
section 7.3.2. This small amount of bound phospholipids should be taken 
into account when determining the molecular mass values of the subunits 
by equilibrium sedimentation (Steele et al., 1978). 
2.4.2. Chemical characterisation of the subunits 
Since the composition of the phospholipids bound to the subunits 
does not differ appreciably from that of the intact enzyme (Table 2.2), 
there appears to be no specific interaction between phospholipids and 
subunits, at least after denaturation of the intact enzyme. This suggests 
that phospholipid binding occurs through hydrophobic interaction of the 
fatty acid chain with hydrophobic regions in the protein. Polar inter-
actions with phospholipid head groups would lead to different affinities 
of the various phospholipids, depending on the nature of the phospholipid 
head group. 
There is a great similarity in the amino acid composition of each 
subunit for Na,K ATPase isolated from different species and tissues 
(Kyte, 1972; Hokin, 1974; Perrone et al., 1975; Lane et al., 1979). The 
same is true for the percentage of hydrophobic amino acids in the subunits, 
which we have calculated from our own results and from those of other 
investigators (Table 2.4). The average percentages, 44Z for the a-subunit 
and 41% for the ß-subunit, are rather low compared to those found for 
other membrane-bound enzymes (49-60%). even keeping in mind that cysteine 
has been counted as a non-polar amino acid in the latter cases (Guidotti, 
1972). Ca,Mg ATPase from rat sarcoplasmic reticulum and K,H ATPase from 
pig stomach, with 42.8% (without tryptophan; Reithmeier et al., 1980) 
and 43.5% (see section 7.3.3) respectively, are the only membrane proteins 
with about the same percentage of non-polar amino acids as present in 
the α subunit of Na,К ATPase, which underlines the similarity between 
the three transport ATPases. The higher hydrophobicity of the a-subunit 
suggests that this subunit will be more in contact with the hydrophobic 
part of the lipid bilayer than the ß-subunit, and that the ß-subunit may 
either protrude from the membrane, or be enclosed by the o-subunits. The 
larger variability in the percentage of non-polar amino acids in the 
ß-subunit from different sources suggests that the a-subunit has been 
more conservative in evolution, which is understandable in view of its 
catalytic function. 
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There are four amino acids which are present in greatly different 
amounts in the two subunits: alanine, histidine, tyrosine and lysine, 
the former two being higher and the latter two lower in the a-subunit. 
We have used this finding, in combination with the amino acid composition 
of the native enzyme, for the determination of the subunit composition 
of the enzyme (section 3.3.4). 
The glycoprotein nature of the 0-subunit has been widely recognized, 
but this is not the case for the a-subunit. Only recently, it has been 
reported that the a-subunit of Na,K ATPase from electric eel electroplax 
(Churchill et al., 1979) and probably of brine shrimp nauplii (Peterson 
et al., 1978) is also a glycoprotein. We now clearly demonstrate that the 
a-subunit of Na,K ATPase of rabbit kidney is a glycoprotein, despite the 
fact that it does not stain with the periodic acid Schiff staining method 
after SDS Polyacrylamide gel electrophoresis. By means of SDS gel electro­
phoresis we have repeatedly and carefully checked that the a-subunit 
preparation is not contaminated by β-subunit. 
Another interesting point is that we find glucose in the subunits 
of Na,K- and also of K,H ATPase (see section 7.3.3), which seems to be 
largely covalently bound to the subunits. This is quite unusual for glyco­
proteins (Spiro, 1970; Marshall, 1972). The carbohydrate of both a- and 
S-subunit from different species varies considerably (Kyte, 1972; Perrone 
et al., 1975; Churchill et al., 1979). However, there seems to be some 
parallelism between the two subunits of the same species, where the 
0 subunit has a high amino sugar content, it is also high in the a-subunit 
and vice-versa: in electric organ they are both low (Churchill et al., 
1979), while in rabbit kidney we find them both high (Table 2.5). 
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CHAPTER 3 
MOLECULAR WEIGHTS AND MOLAR RATIO OF THE SUBUNITS* 
3.1 INTRODUCTION 
In the preceding chapter the isolation and chemical characterisation 
of the subunits is described. Uith the information thus obtained, it is 
possible to determine the molecular weights of the subunits by equilibrium 
sedimentation in the absence of detergent. In the absence of knowledge of 
the primary structure, this method gives the most reliable estimation of 
the molecular weight for the following two reasons. First, no corrections 
in molecular weight or partial specific volume are necessary for the 
binding of detergent. Secondly, it is a direct method, not requiring 
calibration proteins. Equilibrium sedimentation is based on the existence 
of equilibrium between the opposing forces of gravity and diffusion, 
acting on a protein which is subjected to a centrifugal field. So there 
is, a direct relation between the equilibrium position of the protein 
and its molecular weight. 
In this chapter we describe the equilibrium sedimentation studies 
in the absence of detergents for both subunits. In addition, we report 
how the molar ratio of the subunits, which was until recently in consider-
able doubt (see section 1.5) could be unambiguously determined by means 
of three independent approaches. 
3.2 METHODS 
The preparation of the enzyme, its solubilization in SDS and the 
separation of the subunits are given in sections 2.2.1 and 2.2.4. Protein, 
carbohydrate, phospholipid and amino acid analyses on the isolated 
subunits and the enzyme are performed as described in sections 2.2.3, 
2.3.5, 2.2.6 and 4.2.4.2, respectively. 
'Adapted from Peters et al. (1981a) 
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3.2.1 Removal of SPS from the subunit preparation 
Dowex AG 1x2 (200-400 mesh, Biorad, Richmond, California) is 
converted to the acetate form according to Weber and Kuter (1971), and 
is stored in 0.05 M Tris/acetate (pH 7.4), containing 0.02Z NaN . Before 
use the resin is equilibrated in 0.05 M phosphate buffer (pH 7.4). This 
resin has been used in two different ways: 
Method 1. The a-subunit solution (0.5 ml, 280 ran absorbance 0.4-0.8 
in a 1-cm cuvet) is passed through a 0.5x4 cm column of the resin. The 
column is washed with 0.05 M phosphate buffer. Monitoring the 280 nm 
absorbance of the eluate shows when the protein is leaving the column. 
This method cannot be used for SDS removal of the B-subunit, because it 
adheres to the resin. 
Method 2. The subunit solution (2 ml, 280 nm absorbance 0.4-1.2) is 
dialysed against 200 ml 0.05 M phosphate buffer, in which 30-40 ml resin 
slurry is suspended under gentle shaking for 48 hours at 4 С This method 
is suitable for both a- and β-subunit solutions. 
Both methods give nearly complete removal of SDS, as checked with 
S-SDS (38.9 mCi/mg, New England Nuclear, Boston, Massachusetts). After 
treatment with method 1 there remains at most 0.02%, and with method 2 
at most 0.25Z of the amount of SDS originally present. 
3.2.2 Molecular weight determination 
The molecular weights of the subunits are determined by equilibrium 
sedimentation in 0.05 M phosphate buffer (pH 7.4) in the absence of 
detergent or reducing agent. 
After removal of SDS, each subunit solution is dialysed for at least 
24 hrs against 0.05 M phosphate buffer, which buffer is also used as 
reference solution. Each solution is centrifuged for 30 min at 200,000 g 
in a Beckmann airfuge to remove possible protein aggregates. The resulting 
subunit solutions (280 nm absorbance 0.3-0.6) are then centrifuged at 
8,000-12,000 rpm for 48 hrs at 20 С in a Beckmann model E ultracentrifuge, 
equipped with monochromator, U.V. detection unit and An-H-Ti type rotor. 
Molecular weights are calculated by means of the following formula: 
M -
2RT InA 
ω (l-vp)r 
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where A is the 280 nm absorbance measured at a certain place in the cell, 
г is the distance from this point to the rotor axis, ρ is the density of 
the solvent (1.006 g/cm ), ν is the partial specific volume of the subunit, 
and ω is the angular velocity of the rotor. 
The partial specific volumes of the a- and 0-subunits are calculated 
from their chemical composition (Tables 2.2, 2.3 and 2.5) by the equation: 
where ν is the partial specific volume of a given compound and w its 
percentage of weight while Iv mostly equals 100 (Cohn and Edsall, 1943; 
Gibbons, 1966). 
The partial specific volumes of amino acids, carbohydrates and phospho­
lipids are taken from Cohn and Edsall (1943), Gibbons (1966) and Tanford 
et al. (1974), respectively. 
Sedimentation coefficients are determined with a standard double 
sector centerpiece in the An-H-Ti type rotor, with a rotor speed of 
68,000 rpm, using U.V. detection. 
3.3 RESULTS 
3.3.1 Subunit molecular weights 
After SDS removal by method 1 (see section 3.2.1), the a-subunit 
gives a sedimentation coefficient of 7.6 S, while after using method 2 
a sedimentation coefficient of 4.6 S is found. This suggests that in the 
former case the subunit exists in a dimeric form. After standing at room 
temperature aggregation takes place in the subunit solution obtained with 
method 2, as indicated by a deviation from linearity in the plot of In A 
2 . 
against r in the high concentration range. 
After SDS removal by either method, the B-subunit has a sedimentation 
coefficient of 6.3 S, which is reduced to 4.7 S upon addition of 2 mM 
dithioerythritol, indicating transformation of a dimeric to a monomeric 
form. Further aggregation of the 6.3 S form takes place after standing 
at room temperature for several days, which process can be delayed by 
dilution. 
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Partial specific volumes and molecular weights of both subunits are 
calculated as described in section 3.2.2. The results are shown in 
Tables 3.1 and 3.2 respectively. 
Table 3.1 Composition and partial specific volumes of the subunits 
o-subunit ß-subunit 
content (Z of partial spec. content (Z of partial spec. 
3 3 
total, w/v) volume (cm /g) total, w/v) volume (cm /g) 
Protein 90.7 0.7429 67.4 0.7406 
Carbohydrate 7.7 0.6345 29.9 0.6314 
Phospholipid 1.6 0.9742 2.7 0.9702 
Complete subunit
 | 0 0 ^ „ ^ ,„„ 0 > 7 | 4 1 
The subunit composition is calculated from the phospholipid contents in 
Table 2.2 and the carbohydrate contents in Table 2.5, taking a mean phospho-
lipid molecular mass of 750 D (section 5.4.2). 
The partial specific volume is calculated as described in section 3.2.2. 
The molecular mass values for the a- and B-subunits, after correction 
for non-covalently bound phospholipids and taking into account that the 
ß-subunit occurs in dimeric form, are 131 kD and 61.8 kD, respectively. 
The molecular mass values of the protein part are 120.6 kD and 42.8 kD. 
The molecular mass values, which we find with SDS Polyacrylamide 
gel electrophoresis (section 2.2.7), deviate significantly from these 
values. They range from 94 (7.51 acrylamide) to 110 kD (15Z acrylamide) 
for the a-subunit, and from 50 (7.5% acrylamide) to 60 kD (15% acrylamide) 
for the 0-subunit. The values increase with increasing concentration of 
acrylamide, which is in contrast to the findings of Segrest and Jackson 
(1972) for some other (glyco)proteins. Recently, Peterson and Hokin (1981) 
found the same effect for the ß-subunit of Na,K ATPase obtained from 
three different species, viz. increasing apparent molecular mass with 
increasing acrylamide concentration. 
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Table 3.2. Sedimentation coefficients and molecular mass values of 
the subunits 
a-subunit 0-subunit 
dimeг monomer dimer 
sedimentation coeff. 4.6±0.4 (n=2) 7.6±0.6 (ηΆ) A.7 (n=l) 6.3Í0.4 (n=2) 
Sedimentation equilibrium analysis 
molecular mass (kD) 133 ± A.5 127 ± 1.5 
(total) 
molecular mass (kD) 131 ± 4.5 61.8 ± 1* 
(protein+carbohydrate) 
molecular mass (kD) 120.6 ± 4.6 42.8 + 1 
(protein only) (n-7) (n"=5) 
•Half the value of the total molecular mass of the dimer l e s s phospholipid 
weight 
Averages with standard error of the mean are given for the indicated number 
of determinations. SEM for n-2 is obtained by the approximation method of 
Davies and Pearson (1934), 0.63 χ range. Sedimentation coefficients and 
molecular mass values are determined as described in section 3.2.2. 
3.3.2. Protein weight ratio of the subunits in the enzyme complex 
This is the first of three methods used to determine the molar ratio 
of the subunits in the enzyme complex. The protein mass ratio of the el­
and ß-subunits can be determined in a direct manner, since we are able 
to obtain a complete separation of the protein peaks of the a- and ß-
subunits by means of the Sephadex G 200 superfine gel filtration procedure 
(sections 2.3.1). All fractions containing the a-subunit are collected 
and mixed. In a known aliquot of this mixture, after addition of norleucine 
as internal standard, the protein content is determined by means of amino 
acid analysis. The same procedure is followed for the ß-subunit. The protein 
weight ratio of the subunits (α/β), determined for five enzyme preparations, 
is 3.04 (SE 0.06). 
The protein weight ratio can also be calculated from the protein 
molecular mass of the a- and ß-subunits of 120.6 and 42.6 kD respectively, 
obtained by equilibrium sedimentation analysis, for any given ο/β molar 
ratio (Table 3.3). E.g. for an α/β molar ratio of 1:2 the protein weight 
ratio is 120.6/2 χ 42.8 = 1.41. Comparison of the calculated protein 
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weight ratios with the experimental value shows that there is agreement 
for an α/β molar ratio of 1:1, while all other ratios give statistically 
significant differences (Table 3.3). 
Table 3.3 Protein weight ratio of o- and ß-subunit 
Subunit ratio weight ratio weight ratio 
assumed calculated* determined 
ajBj 1.41 ± 0.06 
Ojßj
 5 1.88 ± 0.08+ 
OjS, 2.82 ± 0.12 3.04 ± 0.06 
aj jßj 4.23 ± 0.19+ 
о^З, 5.64 * 0.25+ 
•calculated from the subunit protein molecular mass values shown in 
Table 3.2 for the assumed protein ratio 
determined as described in section 3.3.2, average with standard error 
of the mean for 5 determinations on 5 different preparations 
significantly different from the determined weight ratio (PO.001), 
as calculated by the Student t-test 
3.3.3. Absorbance ratio of the subunits in the enzyme complex 
The ratio of the absorbance at 280 nm for the two subunits can be 
determined after their separation in the following way: 
All 280 nm absorbing fractions belonging to the a-peak are collected 
and mixed and the 280 nm absorbance is determined. The same is done 
with the fractions belonging to the ß-peak. The α/ß absorbance ratio, 
determined for four preparations of each subunit, is 2.02 (SE 0.05). 
The absorbance ratio can also be calculated from the molar 
absorption coefficients at 280 nm of the a- and ß-subunit for a given 
molar α/β ratio. By comparing the calculated with the determined absor­
bance ratio, the correct molar α/β ratio can be found. The molar 
absorption coefficients are determined by means of the Lambert-Beer 
law from the 280 nm absorbance of a subunit solution, divided by the 
protein molar concentration. The protein concentration is determined 
by quantitative amino acid analysis, and is divided by the known 
protein molecular mass of the subunit (Table 3.2) to obtain the protein 
molar concentration. 
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The molar absorption coefficients at 280 ran for the a- and ß-
subunits are 143,000 (SE 6,000 n-4) and 78,000 (SE 5,000 n=4) 
l.mol .cm , respectively (see Table 3.4). 
For a molar α/β ratio of 1:2, the calculated absorbance ratio is 
143,000/2 χ 78,000 = 0.92. Comparison of the calculated absorbance ratio 
with the experimental value shows that there is agreement for an α/β 
molar ratio of 1:1, while all other ratios give statistically signi­
ficant differences (Table 3.4). 
Table 3.4 Molar absorption coefficients of the a- and ß-subunits 
and their absorbance ratio at 280 ran 
Molar absorption coefficient at 280 nm* 
a-subunit: t.or. = 143,000 ± 6,000 l.mol" .cm" (n=4) 
-1 -1 
e-subunit: e... * 78,000 * 5,000 l.mol .cm (n-4) 
Subunit ratio 280 ran absorbance ratio 
assumed calculated determined* 
0^2 0.92 ± 0.07* 
Ojßj 1.23 ± 0.09+ 
о ß 1.85 * 0.14 2.02 ± 0.06 (n=8) 
Oj^ßj 2.77 ± 0.21+ 
djß, 3.69 ± 0.27+ 
'determined as described in section 3.3.3 
significantly different from the determined absorbance ratio (P<0.0l) 
as calculated by the Student t-test 
Averages with standard error of the mean for η different preparations 
are given 
3.3.4 Amino acid composition of subunits and native enzyme 
Amino acid analysis of the a- and ß-subunits (Table 2.3) shows 
that the molar contents of four amino acids are markedly different 
in the two subunits, viz. for alanine, histidine, tyrosine and lysine. 
From the known protein molecular mass values of the subunits and the 
molar content of one of these amino acids, the theoretically expected 
content of this amino acid in the native enzyme for a given α/ß molar 
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ratio can be calculated. Comparison of this value with the experimental 
value affords a third independent method for determining the α/θ molar 
ratio in the enzyme. 
Table 3.S Comparison of calculated and determined contents of four 
amino acids in the native enzyme* 
a-subunit 
B-subunit 
enzyme, det'd 
enzyme, calc'd 
al*2 
ai e).5 
V. 
a1.5 Bl 
a 2 0 . 
alanine 
8.2 
4.3 
7.2 
6.6 
6.Θ5 
7.2 
7.45 
7.6 
Δ 
0.6 
0.35 
0.0 
0.25 
0.4 
tyrosine 
2.3 
4.8 
3.3 
3.3 
3.15 
2.95 
2.75 
2.6 
Δ 
0.6 
0.45 
0.25 
0.05 
0.1 
histidine 
1.9 
0.5 
1.6 
1.35 
1.4 
1.55 
1.65 
1.7 
Δ 
0.25 
0.2 
0.05 
0.05 
0.1 
lysine 
5.6 
9.9 
6.7 
7.35 
7.05 
6.7 
6.4 
6.2 
Δ 
0.65 
0.35 
0.0 
0.3 
0.5 
Д
а . 
0.53±0.09+ 
0.34±0.05+ 
O.08±0.06 
0.16±0.065+ 
0.28±0.10+ 
* the determined amino acid contents are taken from Table 2.3 
Δ is the absolute difference between the calculated and the determined 
content of an amino acid for a particular molar α/β ratio 
: significantly different from zero (P<0.05) 
From the protein molecular mass values of the a-subunit (120.6 kD) 
and the B-subunit (42.8 kD) and the amino acid composition of both 
subunits, the number of amino acid residues are calculated to be 1090 
and 374, respectively. From the alanine contents of 8.2 mol% in the 
a-subunit and 4.3 mol% in the S-subunit a content of 
(10.90 χ 8.2) + 2(3.74 χ 4.3) , , 
10.90 + (2 χ 3.74) 6 · 6 ^ 5 " 
is the native enzyme at an a/6 molar ratio of 1:2 is calculated. In 
Table 3.5 the results of such calculations for all four amino acids at 
five different α/β molar ratios are presented. The absolute differences 
between the calculated and determined contents are listed and averaged 
for each a/8 molar ratio. The minimal average difference is obtained 
for an α/β molar ratio of 1:1, and this is the only one which is not 
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s ign i f icant ly different from zero. Hence the α/θ molar r a t i o of 1:1 
i s again the most probable rat io. 
3.4. DISCUSSION 
3.4.1, Subunit molecular mass 
Many values for the subunit molecular mass of Na,K ATPase have 
been published. The most widely used method to determine molecular 
mass values has been SDS Polyacrylamide gel electrophoresis because 
of i t s case (Peterson et a l . , 1978; Peterson and Hokin, 1981). These 
values and ours obtained with th is technique l i e in the range of 
84-110 kD for the a-subunit and 38-60 kD for the ß-subunit, the large 
ranges depending in part on the acrylamide concentration in the g e l 
(see sect ion 3 . 3 . 1 ) . A gel f i l t r a t i o n method, with known p r o t e i n s as 
standards, has yielded values of 121 kD for the a-subunit (Craig and 
Kyte, 1981) and 35-45 kD for the B-eubunit (Kyte, 1972; Lane e t a l . , 
1979). Neither of these two methods i s very rel iable for determination 
of absolute molecular mass values (Maddy, 1976; Nielsen and Reynolds, 
1978). 
A more r e l i a b l e method i s equilibrium sedimentation in the absence 
of detergents. Kyte (1972) reports a value of 147.5 kD, obtained with 
this technique, for the a-subunit of dog kidney enzyme, while our va lues 
for rabbit kidney Na,K ATPase subunit s are 131 kD (SE 4.5) for the 
a-subunit and 61.8 kD (SE 1) for the ß-subunit. Hastings and Reynolds 
(1979) and Esmann et a l . (1980b) obtained values of 106 kD for the 
a-subunit and 40-52 kD for the ß-subunit of shark rectal gland enzyme. 
However, their equilibrium sedimentation analyses were performed in 
the presence of detergents. 
A complication ar ises from a tendency of the subunit s to aggregate , 
result ing in high molecular weight values with the equilibrium s e d i -
mentation technique. Kyte (1972) finds under h i s conditions d imer i sa t ion 
of the a-subunit (sedimentation c o e f f i c i e n t 8.7-10.4 S) and the va lue 
of 147.5 kD mentioned above i s half the value actually determined by 
him. In our case we have used the value determined for the a-subunit 
preparations from which detergent i s removed by method 2, y i e l d i n g a 
monomeriс form (4.6 S; versus a 7.6 S dimeric form by method 1 ) . We 
find that the ß-subunit, after detergent removal by method 2 , i s present 
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in a dimeric form (6.3 S, reduced to 4.7 S in the presence of dithio-
erythritol), hence we use half the molecular weight value actually 
determined. 
The considerable differences between the subunit molecular 
weights obtained by equilibrium sedimentation could be due to species 
differences. Kyte used dog kidney, Hastings and Reynolds, and Esmann 
et al. used shark rectal gland, and we used rabbit kidney as source. 
However, the differences may also be due to the different conditions: 
Kyte and we work in the absence of detergents, while Hastings and 
Reynolds, and Esmann et al. make measurements on a detergent solu-
bilised preparation and consequently apply a different theoretical 
approach in calculating the buoyant density factor. We use: 
Σ ν w 
(l-vp) = [ !-(-=—Γ r ) p] (see section 3.2.2) 
Σ w
r 
while in the presence of detergent the equation developed by Reynolds 
and Tanford (1976 is used: 
S β g 
(Ι-φ'ρ) - (1-ν ρ) • /(Ι-ν.ρ)
 +
 Al-ν,ρ)
 +
 γ-Ο^,Ρ) 
Ρ
 sp 8Ρ SP 
where φ' is the effective partial specific volume, ν , ν , ν and v. 
are the partial specific volumes of the protein, the detergent, the 
carbohydrate and the lipid respectively, and g , g., g and g, are 
p a s 1 
the absolute weights of protein, detergent, carbohydrate and lipid 
in a given complex, respectively. 
Our protein molecular mass value for the B-subunit (42.8 kD) 
agrees within the experimental error with the value of 43.8 kD of 
Lane et al. (1979b) for lamb kidney, calculated on the assumption 
that there is one histidine per mole subunit. 
3.4.2. Subunit molar ratio 
Determination of the subunit protein weight ratio by means of 
quantitative scanning of an SDS Polyacrylamide gel stained with 
Coomassie brilliant blue (Peterson et al., 1978; Hastings and 
Reynolds, 1979) is unreliable, because the staining intensity is 
not the same for equal amounts of different proteins, especially 
glycoproteins, (Neville and Glossmann, 1974; Hastings and Reynolds, 
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1979). Hastings and Reynolds have tried to avoid this problem by 
quantitative determination of the difference in staining capacity 
of the a- and ß-subunits. However, their procedure introduces a 
new problem, since the Lowry method of protein determination used 
for this purpose does not give correct absolute values (section 
4.3.3). It may give a different colour intensity for the same 
concentrations of different proteins (Westley and Lambeth, I960), 
especially in the case of glycoproteins (Wu et al., 1978). Therefore 
we have used an absolute protein determination method, viz. quanti-
tative amino acid analysis in the presence of an internal standard, 
to determine the mass ratio of the separated subunits. Recently, 
Craig and Kyte (1981) and Peterson and Hokin (1981) have used amino 
acid analysis on the subunits separated by SDS gel electrophoresis 
to obtain the subunit mass ratio. These investigators, like we 
(section 3.3.2), have all determined a 1:1 molar subunit ratio for 
Na,K ATPases from different sources. 
Apart from the mass ratio method, we have used the absorbance 
ratio of a- and B-subunit as a second, independent method for 
determining the molar ratio of these subunits. It is assumed that 
the 280 ran absorbance is exclusively due to protein (not to carbo-
hydrate and lipids) and the absolute protein determination method 
is used. By comparing the determined absorbance ratio with the 
value calculated for different α/β molar ratios, we find again that 
only a molar ratio of 1:1 satisfies the results (section 3.3.3). 
Craig and Kyte (1981) and Peterson and Hokin (1981) used the same 
principle for determining the molar ratio by SDS Polyacrylamide 
gel electrophoresis of Na,K ATPase and subsequent gel scanning at 
280 nm. As stated above, these investigators reached the same 
conclusion as we did. 
The presence of four amino acids in greatly different amounts 
in the a- and ß-subunits affords a third independent method for 
determining the molar ratio of the subunits. Two amino acids 
(alanine and histidine) are higher and two are lower (tyrosine and 
lysine) in the a-subunit. From the content of such an amino acid 
in mol% in each subunit and from the subunit protein molecular 
mass values, its content in the native enzyme can be calculated 
for any given α/ß molar ratio. Comparison of these values with the 
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directly determined values in the enzyme again gives unambiguously 
an α/β molar ratio of 1:1 (section 3.3.4). 
3.4.3 Subunit composition of the enzyme 
Having thus determined that the enzyme contains an equal number 
of each subunit, the question arises, how many asymétrie (αβ) units 
are needed for Na,K ATPase activity? Adding up our molecular mass 
values of the subunits (Table 3.2) we arrive at a value of 163.4 kD 
(protein only) for the molecular mass of an αβ dimer. This value 
agrees well with a protein particle of 165-231 kD, observed by Winter 
and Moss (1979) by equilibrium sedimentation of a digitonin solubi­
li sed dog kidney Na,К-ATPase preparation, which has no overall ATPase 
activity but only partial activities and ouabain binding capacity, 
and thus may well represent an π β dimer. Recently, Brotheius et al. 
(1981) have claimed that a protein particle of 170 ± 9 kD, observed 
by equilibrium sedimentation and gel filtration in C..E-, consists 
of an au dimer and contains some Na,K ATPase activity. However, as 
Kyte (1981) has also stated, the conditions of the ATPase assay may 
promote dimerisation and reactivation, even though an inactive 
asymétrie unit is present under different conditions in the ultra-
centrifuge. Therefore it is not clear at this moment, whether an 
αβ-unit is able to perform overall activity, although in theory this 
has become possibly by our finding of one functioning phosphorylation 
site per a-subunit (see chapter 4). 
Considerably higher molecular mass values are reported for the 
protein part of completely active Na,K ATPase particles. Esmann 
et al. (1979) find a value of 276 kD by equilibrium sedimentation 
of shark rectal gland enzyme solubilised in C..E„, while Hastings 
and Reynolds (1979) obtain a value of 380 kD by applying the same 
technique to a Lubrol WX solubilised preparation of the same enzyme. 
The radiation inactivation method has yielded values of 190-300 kD 
(Kepner and Macey, 1968), 330 kD (Ellory et al., 1979) and 320-350 kD 
(Schrijen, 1981a, p.120). 
In view of our a/0 molar ratio of 1:1 and our 163 kD protein 
molecular mass value for the α β dimer, this indicates that the 
purified enzyme probably is composed of an a ß tetramer. The calcu-
lated molecular mass of the enzyme in this composition would amount 
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to 327 kD, which is in good agreement with the values obtained 
in other ways (cited above). 
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CHAPTER 4 
NUMBER OF PHOSPHORYLATION AND SUBSTRATE BINDING SITES* 
4.1 INTRODUCTION 
The phosphorylation capacity of highly purified Na,K ATPase has 
usually been found to lie in the range of 3.4-4.3 ηmol Ρ per mg protein, 
when Lowry protein determinations are used (Perrone et al., 1975; 
Peterson et al., 1978; Jrfrgensen, 1980; Schuunnans Stekhoven et al., 1980). 
In combination with the generally accepted molecular mass value of 250 kD, 
a molar phosphorylation capacity of 0.87-1.07 mol Ρ per mol enzyme could 
thus be derived. Since the active enzyme is thought to contain at least two 
identical a-subunits (Perrone et al., 1975; Peterson et al., 1978; 
Esmann et al., 1979; Hastings and Reynolds, 1979; Hansen et al., 1979; 
Jürgensen, 1980; Craig and Kyte, 1980; Askari and Huang, 1980), this 
has led some authors (Stein et al., 1973; Repke and Schön, 1973) to 
postulate that the enzyme has a "half-of-the-sites" reactivity (Levitzki 
et al., 1971), viz. that at saturing substrate (ATP) concentration only 
one of the two identical a-subunits can be phosphorylated at the same time. 
The results of our studies reported in the two preceding chapters 
have, however, cast doubt on this value of the molar phosphorylation 
capacity. First, with protein molecular mass values of 129.6 and 42.8 kD 
for the a- and ß-subunit and a molar subunit ratio of 1:1, we arrive at 
an a~&j composition with a protein molecular mass value of 327 kD, consider-
ably higher than the earlier accepted value of 250 kD. Secondly, in 
comparing Lowry protein values for isolated subunit preparations with 
those derived from addition of amino acid determinations, we notice 
that the Lowry method gives erroneously high values. Thirdly, in re-
investigating the determination of the phosphorylation capacity, we find 
that the customary procedure of removal of ΛΤΡ added during enzyme 
isolation leads to some loss of phosphorylation capacity. 
All three phenomena lead to a higher molar phosphorylation capacity. 
In this chapter we report the results on points 2 and 3, and arrive at 
an improved value for the molar phosphorylation capacity, leading to a 
rejection of the "half-of-the-sites" hypothesis for Na,K ATPase. 
•Adapted from Peters et al.(1981b and 1982a) 
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4.2 METHODS 
4.2.1 Enzyme preparation and activity determination 
Na,K ATPase is prepared as described in section 2.2.1, and its 
activity is determined as described in section 2.2.2. 
4.2.2 Removing endogenous ATP from the enzyme preparation 
The highly active Na.K ATPase preparation up to 4 mg protein/ml) 
is incubated for 30 min at 37 С in medium A, from which ATP is omitted 
(section 2.2.2). After the incubation the enzyme suspension is centri-
fuged for 10 min at 200,000 g_. • The resulting pellet is washed twice 
by resuspension and centrifugation in 25 mM imidazole/HCl (pH 7.4) buffer, 
containing 2 mM CDTA. The enzyme is stored at -20 С in the same buffer, 
containing 0.25 M sucrose. This procedure is essentially according to 
Schoot et al. (1977). 
4.2.3 Phosphorylation of Ma,К ATPase with (γ-32Ρ)ΑΤΡ 
32 
Phosphorylation of the enzyme is carried out with (γ- P)ATP (The 
Radiochemical Centre, Amersham, U.K.); the specific activity of which 
has been adjusted with non-radioactive ATP to 20-50 Ci/mol. In the case 
of an enzyme preparation from which endogenous ATP has been removed 
32 (section 4.2.2), 20 wM (γ- P)ATP in 0.1 ml buffer medium containing 
50 mM NaCl, 5 mM MgCl2, 50 mM imidazole/HCl (pH 7.0) and 0.25 mg/ml 
Na,K ATPase protein is used. The reaction is started by rapid mixing 
at 0 С of equal volumes of medium containing the enzyme and the ATP 
respectively. The reaction is stopped after 3 s by addition of 2 ml 
53! (w/v) TCA, containing 100 mM phosphoric acid. The denatured phospho-
protein is collected on a 1.2 ym pore size Selectron filter (Schleicher 
and Schüll, Dassel, F.R.G.), which is then washed three times with 
32 
stopping solution. Incorporated Ρ is determined by liquid scintillation 
counting. Blank values are obtained by mixing the stopping solution 
32 
with (γ- P)ATP prior to addition of the enzyme. 
When endogenous ATP has not been removed from the enzyme, the 
(γ- P)ATP is diluted tenfold with cold ATP and the final (γ-32Ρ)ΑΤΡ 
concentration is raised to 1-2.5 mM. The rest of the procedure is the 
same as described in the preceding paragraph. 
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4.2.4 Protein determination 
4.2.4.1 Lowry protein determination 
Protein is precipitated with 5% TCA (5% w/v, final concentration), 
as described by J«irgensen (1974b). The protein precipitate is sedimented 
by centrifugation for 20 min at 6000 e . After washing once with 5% 
TCA, the precipitate is dissolved in 1.4 ml 0.1 M NaOH, containing 2Z 
Na-CO, (w/v), by heating for IS min in a boiling water bath. After 
cooling to room temperature, 1.0 ml of a solution containing 0.02 % (w/v) 
CuSO .5H20, 0.04 Ζ (w/v) Na.K tartrate and 2? (w/v) Na CO. in 0.1 M NaOH 
is added. After 10 min at room temperature, 0.2 ml of 1 M Folin-Ciocalteu 
solution is added and after another 30 min the absorbance at 500 nm is 
measured. When only small amounts of protein are available, a micro-
procedure is used by dividing all volumes by ten. Bovine serum albumin 
(Behringwerke A.G., Marburg, F.R.G.) without further purification, is 
used as a standard. The water content of the albumin is quite stable: 
repeatedly opening of the bottle leads to an uptake of less than 1Z of 
protein weight. The Polin reagent and all other reagents are from Merck 
A.G., Darmstadt, F.R.G. 
4.2.4.2 Quantitative amino acid analysis 
Amino acid analysis is carried out on a modified JEOL type JLC-6AH 
amino acid analyser. Protein hydrolysis is performed by heating a solution 
of 0.4 ml 5.7 M HCl containing 0.1-0.3 mg protein and 150 nmol norleucine 
(serving as internal standard) in a vacuum sealed glass tube at 105 С in 
the dark. Times of hydrolysis range from 4 to 96 hours and are indicated 
in the text and in the legends of the figures and tables (see also section 
3.3). The HCl, remaining after hydrolysis, is removed by overnight eva­
poration under reduced pressure in the presence of solid NaOH and P.O.. 
Tryptophan is totally destroyed under these hydrolysis conditions. 
When the detergent solubilized enzyme or the water soluble subunits are 
used, tryptophan can be measured by the method of Edelhoch (1967). Serine, 
which is normally broken down with increasing duration of hydrolysis, is 
extrapolated to zero time of hydrolysis. Valine, leucine and isoleucine 
are extrapolated to infinite time of hydrolysis. 
The original amount of protein is obtained by adding the weights of 
the separate amino acids (minus water) found by amino acid analysis after 
corrections for incomplete hydrolysis (valine, leucine, isoleucine) and 
destruction (tryptophan, serine) during hydrolysis. 
4.3 RESULTS 
4.3.1 Determination of the maximal phosphorylation capacity 
During purification of the enzyme ATP is added in order to protect 
the enzyme against inactivation. This endogenous ATP has so far always 
been removed prior to determination of the phosphorylation capacity of 
Na,K ATPase, in order to obtain what was thought to be a maximal value 
(Schuurmans Stekhoven et al., 1980). However, we now find that the removal 
of endogenous ATP from the enzyme preparation (see section 3.2.1) lowers 
its specific activity by 21% (SE 6, n=ll; see Table 4.1). 
Table 4.1 Specific activity of Na,K ATPase preparations before and 
after removal of endogenous ATP 
Preparation specific activity activity ratio 
number (μιηοΐ Pi.mg protein.h ) 
before ATP after ATP before/after 
removal 
1414 
1767 
1403 
1308 
1207 
1553 
2029 
2203 
1605 
1587 
1688 
removal 
1223 
1524 
1354 
1465 
1058 
1034 
1514 
1447 
1265 
1395 
1504 
1.16 
1.16 
1.04 
0.89 
1.14 
1.50 
1.34 
1.52 
1.27 
1.14 
1.12 
mean 1.21 ± 0.06 (SE) 
Protein is determined according to Lowry et al. (1951; see section 
4.2.4.1). ATP is removed and Na,K ATPase activity is determined 
as described in sections 4.2.2 and 2.2.2, respectively. 
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There is a linear relationship between the specific activity and the 
phosphorylation level determined after prior removal of ATP (Fig. 4.1). 
This means that removal of endogenous ATP must also lower the phospho­
rylation capacity. We have therefore carried out phosphorylation without 
prior removal of endogenous ATP. This requires the addition of excess 
32 
(γ- P)ATP (1-2.5 mM, diluted with cold ATP, see section 4.2.3). in 
order to overcome the effect of the endogenous ATP (ca. 20 y M ) . These 
phosphorylation levels are also plotted against specific activity in 
Fig. 4.1, and here again the same linear relation exists (see legend 
of Fig. 1). 
In general, it may be concluded that higher phosphorylation levels 
are reached by phosphorylating the enzyme without prior removal of endo­
genous ATP. 
6 
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Figure 4.1 Relation between phosphorylation level and specific activity 
of purified Na,K ATPase preparations. 
Protein is determined by quantitative amino acid analysis as described in 
section 4.2.4.2. Phosphorylation is carried out after prior removal of 
endogenous ATP as described in section 4,2.3 (·), or with the modification 
that the enzyme is phosphorylated without prior removal of endogenous ATP, 
by adding excess (γ-"ρ)ΑΤΡ (+). In both cases there is the same linear 
relationship between phosphorylation level and specific activity. The ratio 
specific activity phosphorylation level is 0.534 ± 0.038 (n=34) and 
0.535 ± 0.073 (n»7) for phosphorylations with and without prior removal 
of ATP, respectively. 
The equation for the regression line, calculated by the method of least 
squares is: y = 1.737 . ΙΟ - 3 χ + 0.219, г « 0.90 
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Protein determination by quantitative amino acid analysis 
The hydrolysis is a critical parameter in determining protein by 
quantitative amino acid analysis. It must be chosen in such a way that 
maximal protein hydrolysis and minimal amino acid degradation are 
obtained. Fig. 4.2 shows the relation between amino acid yield and time 
of hydrolysis for the various membrane protein preparations used in our 
study. For the almost completely lipid-embedded proteins Na,K ATPase 
and K,H-ATPase, 98-100% of the amino acids is released after 24-70 hours 
of hydrolysis at 105 C. This indicates that reliable protein determinations 
are possible by choosing a single hydrolysis time in this time range. 
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Figure 4.2 Amino acid yield vs. time of hydrolysis of Na,K ATPase (D) , 
Κ,Η ATPase (χ) and rhodopsin (о) 
Κ,Η ATPase is prepared from porcine gastric mucosa as described in 
section 7.2. and rhodopsin from cattle retina according to De Grip 
et al. (1980). Hydrolysis is performed as described in section 4.2.4.2. 
Amino acid yield is the sunmation of the weights of the separated amino 
acids found after hydrolysis, and after correction for incomplete hydro­
lysis or degradation of some amino acids (section 4.2.4.2). For tryptophan 
we have used values of 1.6, 1.7 and 2.1 mol% for Na,K ATPase (value taken 
from a-subunit data, Table 2.3), Κ,Η ATPase (Table 7.1) and rhodopsin 
(Heller, 1968), respectively. For rhodopsin the 100% amino acid yield 
value is obtained by extrapolation to infinite time of hydrolysis. 
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For rhodopsin preparation the required time of hydrolysis is much 
longer, viz. 96 hours in order to obtain 99% hydrolysis (based upon extra­
polation to infinite time of hydrolysis). The slower rate of hydrolysis 
for rhodopsin may be due to the more hydrophobic character of the protein, 
as compared to both ATFases. This implies that for each new protein 
preparation a curve like those in Fig. 4.2 must be prepared in order 
to determine the appropriate time of hydrolysis. 
Tryptophan is totally destroyed under these acid hydrolysis conditions 
and has to be corrected (see legend Fig. 4.2). Serine which is normally 
broken down with increasing time of hydrolysis, is rather stable. This 
may be due to a slow hydrolysis of phosphatidylserine, which is present 
in all these preparations. This is supported by the steady increase, 
even after 96 hours of hydrolysis, of free ethanolamine which must derive 
from phosphatidylethanolamine. We have therefore not corrected the serine 
value. The overestimation of serine due to phosphatidylserine hydrolysis 
can contribute only 1% maximally to the value of total amino acid yield. 
4.3.3 Comparison of the Lowry method with quantitative amino acid analysis 
Table 4.2 shows the results of the two types of protein determinations, 
Lowry method and quantitative amino acid analysis, applied to the three 
membrane protein preparations. It is obvious that the Lowry method gives 
values which are 29-42% higher than the absolute method. Similar findings 
(28-41% higher with the Lowry method) have recently been reported for 
Na,K ATPase from electric eel electroplax by Moczydlowski and Fortes (1981). 
Table 4.2 Protein content of some membrane protein preparations determined 
by both the Lowry method and by quantitative amino acid analysis. 
Membrane protein 
preparation 
mean protein content (mg/ml) 
Lowry method amino acid analysis 
ratio 
Lowry/aaa 
Na,К ATPase 2.60 1.94 1.35 ±0.015 (n-7) 
Κ,H ATPase 1.25 0.88 1.42 ±0.03 (n»5) 
Rhodopsin 4.08 3.16 1.29 ± 0.025 (n»4 
Protein is determined as described in 4.2.4.1 (Lowry method) and section 
4.2.4.2 (quantitative amino acid analysis). Averages with standard error 
of the mean for η different preparations. Times of hydrolysis: 23-40 hours 
for Na,K- and K,H ATPase, 96 hours for rhodopsin (for rhodopsin the "amino 
acid analysis" protein values are obtained by extrapolation to infinite 
time of hydrolysis). 
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Ca,Mg ATPase preparations from rabbit sarcoplasmic reticulum also yield 
falsely high Lowry values (Hardwicke and Green, I97A). 
For Na,K ATPase from rabbit kidney the Lowry method gives, on the 
average, 35% higher values than those obtained by quantitative amino 
acid analysis. This means that the maximal phosphorylation levels, based 
on Lowry protein values, are in fact greatly underestimated. Fig. 4.1 
shows that for the most active Na.K ATPase preparations, phosphorylation 
levels around 5 nmoles.mg protein are readily reached. The highest level 
obtained by direct measurement if 5.6 mnol P.mg protein. Using our 
protein molecular mass value of 163.4 kD for the αθ-subunit, this phospo-
rylation level corresponds to 0.92 phosphorylation site per αβ-subunit. 
4.4 DISCUSSION 
4.4.1 Removing endogenous ATP 
Table 4.1 shows that most highly purified Na.K ATPase preparations 
have a lower specific activity after removal of endogenous ATP. In view 
of the high stability of Na,K ATPase preparations at 37 C, even in the 
absence of ATP (see section 7.3.1), this loss of activity is unlikely to 
be due to the incubation (30 min at 37 C, see section 4.2.2) in medium A 
during ATP removal. More probably, is the result of the repeated high speed 
centrifugation of the enzyme after the incubation period. This is supported 
by our finding of a 35% (SE 8, n-9) loss of specific activity for Na,K ATPase 
preparations after washing three times with water, where washing was 
performed by pelleting the enzyme at 200,000 g for 15 min, resuspending 
it in water and pelleting again. Hokin et al. (1973) also report a 15-20% 
loss of specific activity after pelleting rectal gland Na,K ATPase. For 
Ca,Mg ATPase from sarcoplasmic reticulum a loss of ATPase activity of up 
to 63% (depending on the centrifugation medium) was found after centri­
fugation for 50 min at 200,000 g (Champeil et al., 1981). This denatu-
ration could mostly be prevented by the presence of high concentrations 
of sucrose, glycerol or ATP in the centrifugation media. Therefore, 
removal of ATP should be carried out in buffers containing high 
concentrations of sucrose or glycerol (>0.3 M) with centrifugation 
restricted to a minimum. For determination of phosphorylation levels, 
however, removal of endogenous ATP can be avoided by using excess 
(γ-32Ρ)ΑΤΡ (section 4.2.3). 
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4.Α.2 Protein determination 
The results of Table 4.2 indicate that the use of Lowry protein data 
for membrane protein preparations lead to serious errors in the calculation 
of such parameters as specific activities, turnover numbers, number of 
molecules per area or number of binding or reacting sites. It would be 
desirable to use an absolute protein determination for such purposes. 
Since quantitative amino acid analysis is a rather laborious technique 
for protein determination, a way of calibrating the Lowry method is needed. 
Standardizing the BSA solution by quantitative amino acid analysis is 
not adequate, since the resulting protein values are still 7-181 too 
high when used on Na,K ATPase preparations (Moczydlowski and Fortes, 
1981). 
A better way would be to obtain a calibration factor for each new 
type of protein preparation, by once carrying out a quantitative amino 
acid analysis. Once'determined, the calibration factor can then be used 
repeatedly for the same type of protein preparation. The last column of 
Table 4.2 shows that the ratio of protein values, obtained by the two 
methods for the same type of preparation, displays only relatively 
small variations and may thus be used as a calibration factor (Schuurmans 
Stekhoven et al., 1981c). 
An alternative way, in which the Lowry method may be used with 
reliable results, is to replace BSA by a standard of the same kind of 
material from which the protein content has to be determined, and to 
determine the protein content of the standard once by quantitative amino 
acid analysis (Brotherus et al., 1981). 
4.4.3 Enzyme parameters 
The value of 5.6 nmol P.mg protein obtained for the maximal phospo-
rylation level of Na,K ATPase (Fig. 4.1) is slightly higher than the 
value of 5.3 reported by Askari et al. (1980). For the binding of an ATP 
analog, TNP-ATP and ouabain, Moczydlowski and Fortes (1981) reported 
values of 5.2-6.0 nmol.mg protein. For ouabain, ATP, Na and К binding, 
Matsui et al. (1981) find values of 6.1, 5.7, 14.0 and 10.8 nmol.mg"1 
protein respectively. At a protein molecular mass of 163.4 kD for the 
aß-subunit, the number of phosphorylation or substrate bindings is 
near 1, and the number of Na and К binding sites is near 3 and 2 
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respectively. If a γ-subunit wich a molecular mass of 11-12 kD would 
really be present at a (α/γ) molar ratio of 1:1 (Reeves et al., 1980; 
Hardwicke and Freytag, 1981), then the αβγ protein molecular mass would 
be around 175 kD. Our measured phosphorylation level of 5.6 nmol P.mg 
protein would then account for 0.98 phosphorylation site per a$Y-unit. 
Since even a highly purified enzyme preparation is not 100Z pure on 
protein basis, or if pure is not 1002 fully active, the phosphorylation 
capacity will always be slightly underestimated. 
This means that we can conclude that every aß-unit possesses one 
phosphorylation site. Since the molar binding value for ATP, ouabain 
and vanadate are equal to the phosphorylation level (JlSrgensen, 1980; 
Hansen et al., 1980; Moczydlowski and Fortes, 1981), our results also 
indicate that each afi-unit can bind one ATP, ouabain and vanadate 
molecule. This finding immediately rules out the proposed "half of the 
sites" mechanism (Repke and Schön, 1973; Stein et al., 1973), at least 
for highly purified Na,K ATPase. The enzyme, acting according to this 
mechanism is thought to comprise at least two a-subunits, which cannot 
be phosphorylated at the same time, they are acting in exactly the same 
way, but 180 out of phase. To the contrary, we now find that each 
a-subunit can be phosphorylated simultaneously, at least in our highly 
purified Na,K ATPase preparation. This does not exclude that the in vivo 
situation, due to differences in the microenvironment of the enzyme, the 
a-subunits may be operating out of phase one being dephosphorylated while 
the other one is being phosphorylated. Thus here a "half of the sites" 
mechanism may exist. 
The presence of one functional phosphorylation- and substrate binding 
site per αβ-subunit theoretically leaves the possibility that the aß-unit 
could be a completely functional ATPase molecule. Recently, Brotherus 
et al. (1981) have claimed that a molecular mass unit of 170 kD (aS) 
would possess overall Na,K ATPase activity. However, they cannot exclude 
the possibility that during the assay of the Na,K ATPase activity some 
dimerisation of aß-units to a ß complexes occurs. 
The highest turnover rate for Na,K ATPase, previously reported, is 
10,000 ATP molecules hydrolysed per enzyme molecule (a.ß.) per min, but 
this value is based on Lowry protein determination. Figure 4.1 shows a 
maximal specific activity of 2800 ymol ATP hydrolysed per mg protein per 
hour for our Na,K ATPase preparation, similar to a maximal value of 
2880, recently reported for pig kidney Na,K ATPase (Brotherus et al., 1981). 
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Both values are based on protein values determined by quantitative amino 
acid analysis. Our value for the specific activity, combined with our 
protein molecular mass of 327 kD (a B»), corresponds to a turnover number 
of 15,260 ATP molecules hydrolysed per rain, more than 50% higher than the 
earlier values. This means that per minute maximally 5 χ 15,260 " 76,300 
ions (3 Na and 2 К per ATP hydrolysed) can be transported across the 
plasma membrane by the action of one Na,K ATPase molecule (α.β.), 
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CHAPTER 5 
COMPOSITION OF THE MEMBRANE LIPIDS * 
5.1 INTRODUCTION 
It is now generally agreed that all biological membranes are composed 
of a lipid bilayer, with the polar head groups of the lipids directed to 
the outside! and the hydrophobic fatty acyl chains to the interior of 
the bilayer. The ionic lattice on the inner and outer surfaces of the 
membrane stabilizes its structure and presents an electrostatic barrier 
to penetration, whereas the interior of the bilayer is an extremely 
unfavourable environment for water soluble compounds. 
The membrane contains two kinds of proteins, the peripheral and 
the integral membrane proteins. The former are operationally defined to 
be easily solubilized by ionic manipulations, while the latter require 
efficient detergents for their solubilization. This implies that 
peripheral membrane proteins are located on the surface of the membrane 
and are bound by ionic interaction with the polar head groups, while 
integral proteins are largely or completely embedded in the lipid 
bilayer. They may completely traverse the membrane, like in the case of 
the two subunits of Na,K ATPase (Girardet et al., 1981), and can then 
be called "transmembrane proteins (Robertson, 1981). 
Lateral lipid-lipid exchange in the bilayer may take place at a 
rate of about 10 .sec . This is the case for lipids which are not in 
the boundary region of a membrane protein. Lipids in the neighbourhood 
of a membrane protein are more or less immobilized, which means that 
their exchange rate is lowered to about 10 . sec (Watts, 1981). The 
lateral diffusion rate of membrane proteins is 10-100 times lower than 
that of the lipids, while some proteins seem to be totally fixed in 
the membrane (De Laat et al., 1980; Dragsten et al., 1981). 
The lipids surrounding a membrane protein may play a fourfold 
role: (1) they may seal off the protein from the bilayer, which may 
be particularly important for transport processes; (2) they may provide 
a motional buffer between the protein backbone and the bulk membrane 
lipids; (3) they may preserve the active conformation of a membrane 
* Adapted from Peters et al. (1981c) 
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bound enzyme; and (4) Chey may be able to conform to the protein-lipid 
interface in a way that leads to a minimal energy configuration of the 
whole membrane (Watts, 1981). 
It will be clear that such a lipid bilayer membrane provides a 
very dynamic and important control barrier surrounding the cytoplasm 
of a cell. Therefore, it is interesting to know more about the chemical 
composition of such a bilayer membrane. For our highly purified Na,K-
ATPase preparation much data on the chemical composition of the membrane 
lipids, surrounding the enzyme protein molecule, are lacking. Phospho­
lipid compositions of various Na,K ATPase preparations have been 
published (Jdrgensen, 1974a; Perrone et al., 1975; Kimeiberg, 1976; 
De Pont et al., 1978; Esmann et al., 1980b), but without data on the 
fatty acid composition of these phospholipids. The cholesterol content 
of various Na,K ATPase preparations has also been reported (J^rgensen, 
1974a; Lane et al., 1979; Maunsbach et al., 1979; Esmann et al., 1980b), 
but without data on the degree of esterification. No information has 
been published on the presence of other neutral lipids, including free 
fatty acids, in any Na,K ATPase preparation. 
In this chapter we present the total chemical composition of 
phospholipids and neutral lipids, present in a highly purified Na,K-
ATPase preparation from rabbit kidney outer medulla. 
5.2 METHODS 
5.2.1 Protein determination 
Protein is determined according to Lowry et al.(1951; see section 
4.2.4.1). In expressing lipid contents per mole enzyme we have used 
a protein molecular mass of 327 kD (section 3.4.3) and multiplied 
the Lowry values by a factor 0.743 in order to give the true protein 
concentration (section 4.3.3). 
5.2.2 Total lipid extraction 
Total lipids are extracted from 0.4 mg Na,К ATPase protein in 
0.12 ml 0.25 M sucrose, containing 25 mM imidazole/HCl (pH 7.4), with 
3 ml chloroform/methanol (2:1, v/v) by vigorous shaking for 30 min 
under nitrogen at 20OC (Folch et al., 1957). After centrifugation for 
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IO min at 6000 g, the supernatant is collected and the extraction of the 
sediment is twice repeated. Subsequently, the pooled extracts (ca 10 ml) 
are repeatedly washed with 2 ml of 0.1 И KCl. After centrifugation, the 
lower layer is concentrated by evaporation in vacuum. The concentrated 
extract is taken to dryness in a stream of nitrogen and the residue is 
dissolved in chloroform/methanol 2:1 (v/v). 
5.2.3 Hexane extraction 
The enzyme preparation is twice washed with distilled water and 
pelleted at 100,000 g to remove sucrose and buffer. The pellet is 
dispersed in distilled water, the protein content is determined, and 
aliquots with known protein content are freeze-dried in polypropylene 
tubes (Greiner Labortechnik, GFR) and stored at -20 C. 
The dry enzyme preparation thus obtained (0.15-0.3 mg protein) is 
extracted with 4 ml n-hexane (Merck, Darmstadt, GFR; dried and stored 
over anhydrous Na SO ) with a Griffin shaker for 5 min at room tempera-
tureT After centrifugation for 15 min at 40,000 g, the supernatant 
is collected and the pellet is extracted once again in the same way. 
Both supernatant fractions are combined and evaporated in a stream of 
nitrogen, and the residue is dissolved in chloroform/methanol 2:1 (v/v). 
5.2.4 Phospholipid analysis 
Phospholipid analysis of the total lipid or hexane extract is 
carried out by two-dimensional thin layer chromatography on 20x20 cm 
glass plates coated with silicagel, containing 4% alkaline magnesium 
silicate (Broekhuyse, 1978). Lipid extracts, containing 0.4 υ mol 
phospholipid, are applied as single spots, and are evaporated in a 
stream of nitrogen. The chromatogram is developed using СНСІ./СІЦОН/ 
14 M aiimonia/H20 (90:54:5.5:5.5; v/v) in the first and CHClj/CH-OH/ 
acetic acid/H 0 (90:45:12:1; v/v) in the second dimension. The spots 
are visualized by staining with iodine vapour, and are then scraped 
off and transferred to test tubes for phosphate determinations. 
Phosphate blanks are prepared from silicagel outsite the spots. The 
phosphate determination is carried out as described by Broekhuyse 
(1968). 
For subsequent fatty acid analysis, the phospholipids are 
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visualized on the Chin layer plate by adding г.З-Ьіз^-іегі-ЬіиуІ-
benzoxa20lyl-(2,)]thiophene (10 mg/100 ml solvent; Sigma, St. Louis, 
USA) to the second dimension solvent system. The lipid spots are then 
marked under ultraviolet light and they are scraped off. The material 
is extracted three times with 0.1 ml chloroform/methanol 2:1 (v/v) 
without a KCl wash. The combined extracts are evaporated in a stream 
of nitrogen just before use. 
5.2.5 Neutral lipid and free fatty acid analysis 
Free fatty acids and neutral lipids are analysed in the hexane 
extract and are separated from the phospholipids by one-dimensional 
thin layer chromatography on plates of silicagel 60 (10 χ 10 cm; Merck, 
Darmstadt, GFR). The total lipid extract, containing up to 3.3 yg lipid 
phosphorus, is applied in a line on the thin layer plate. The plate 
is first eluted with chloroform and then with hexane/chloroform 3:1 
(v/v), according to Van Gent (1968). The spots are made visible by 
spraying with water or by iodine vapor, scraped off and extracted three 
times in 0.1 ml chloroform/methanol 2:1 (v/v) without KCl wash. 
5.2.6 Fatty acid analysis 
Lipid extracts are transferred to screw-cap vials (5 ml). For 
fatty acid analysis the lipid extract is evaporated after addition of 
3 v>g tricosanoic acid (23:0; Supelco,Bellefonte, USA), dissolved in 
50 wl n-pentane, as internal standard. The vials are sealed with a 
teflon/rubber septum after addition of 0.5 ml CH,0H containing 14% 
(v/v) BF,. The vials are heated for 15 min at 100 С to allow hydrolysis 
of the lipids and methylation of the fatty acids. Equal volumes (0.5 ml) 
of n-pentane and water are added. The mixture is vigorously shaken 
(15 min) and the methyl esters are extracted in the upper pentane 
layer by centrifugation (5 min at 3000 g). The aquous lower layer is 
re-extracted once with n-pentane (0.5 ml). The pooled pentane layers 
are washed by shaking with one volume of H_0 (15 min) followed by 
centrifugation (5 min at 3000 g). The upper pentane layer is removed, 
dried over anhydrous Na SO, and centrifuged. The methyl ester solution 
is evaporated in a stream of nitrogen and the residue is taken up in 
50 ul n-pentane. 
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The methyl esters are analysed at 210 С in a Pye Unicam gas-liquid 
Chromatograph model 204, equipped with an all glass sample stream and 
flame ionisation detector. Injection of the sample (lul) and detection 
are performed at 205 С A 180 cm χ 4 mm column, containing Ι0Ζ SP-2330 
on 100/120 Supelcoport (Supelco, Bellefonte, USA), is used to separate 
the methyl esters. Identification is by comparison with reference 
methyl ester mixtures PUFA no.l and PUPA no.2 (Supelco, Bellefonte, 
USA). Relative molar concentrations of each fatty acid in the sample 
are calculated with a Hewlet Packard integrator model HP 2280 A. The 
internal standard method is used and the integrated area of each peak 
is divided by the molecular weights of the corresponding methyl ester. 
The method is essentially according to Drenthe et al. (1981). 
5.2.7 Glycerol determination 
The lipid extract of a thin layer spot, after evaporation under a 
stream of nitrogen, is taken up in 25 pi nonane (Fluka, Buchs, Switser-
land) and is mixed with 25 wl 100 mM NaOH in isopropanol (Merck, 
Darmstadt, GFR). After standing for at least 5 min at 20 С to permit 
lipid hydrolysis, the free glycerol is oxidized by adding 25 wl 18 mM 
NalO, in 2 M acetic acid and standing for at least 2 min at room 
temperature. Colour is developed by adding 0.3 ml of a fresly prepared 
mixture of 4 vols. 2,4 pentanedione and 10 vols. 6 M ammonium acetate 
buffer (pH 6.0) and heating at 56-60 С for 10 min. The final reaction 
mixture has two phases, the upper phase consisting of nonane. After 
cooling to room temperature the absorbance in the lower aquous phase 
is read at 415 ran against a reagent blank. A standard curve of 0-0.5 
mg/ml triolein (Sigma, St. Louis, USA) is used. This glycerol deter­
mination method is essentially according to the method of Giegel et al. 
(1975) for the measurement of triglycerides with a 20 fold reduction 
of all volumes. 
5.2.8 Cholesterol determination 
Total cholesterol is determined enzymatically by a modification 
of the "CHOD-PAP" method (Boehiinger, Mannheim, GFR). Total lipid 
extract or hexane extract of Na.K ATPase preparations containing 0.1 
mg protein is taken up in 25 μΐ isopropanol (which is essential for 
a proper functioning of cholesterol esterase and oxidase), and 1.0 ml 
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cholesterol reagent is added. The mixture is incubated for 15 min at 
370C, and the 500 ran absorbance is read against a reagent blank. A 
standard curve of 0.4-2.0 rag/ml cholesterol in isopropanol is prepared 
with the "Precimat" cholesterol standard solution (Boehringer, Mannheim, 
GFR). 
5.3 RESULTS 
5.3.1 Lipid composition of the Na,K ATPase preparation 
The free fatty acids and neutral lipids of the Na.R ATPase prepara­
tion are separated from the phospholipids by one-dimensional thin layer 
chromatography. Two different solvent systems are used to obtain 
effective separation of the various neutral lipids (Van Gent, 1968). 
The profile of the lipids after separation by one-dimensional thin layer 
chromatography is shown in Figure 5.1. Track A shows the lipid pattern 
after spraying with water and track В after staining with iodine vapour. 
СЭ 
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Figure 5.1 Separation of free fatty acids, neutral lipids and 
phospholipids by one-dimensional thin layer chromatography. 
The technique is described in section 5.2.5. Track A shows the lipid 
pattern after visualization with water and Track В after staining with 
iodine vapour. Abbreviations: PL - phospholipids; FFA - free fatty 
acids; MG - monoglycerides; DG - diglycerides; TG - triglycerides; 
С - free cholesterol; CE » esterified cholesterol. 
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The Na,К ATPase preparation contains phospholipids, free fatty acids, 
mono-, di-, and triglycerides, free cholesterol and esterified 
cholesterol. These lipids are determined in extracts of the various 
spots by the following methods: glycerol determination (glycerides), 
total cholesterol determination (free and esterified cholesterol), 
phosphate determination (phospholipids) and fatty acid determination 
(all lipids except free cholesterol). 
The results of these quantitative determinations are combined in 
Table S.I. Two remarks are necessary for a proper understanding of the 
data in this table: 1. the cholesterol ester content of the preparation 
is below the detection limit of the cholesterol determination method, 
but it could be determined by the more sensitive fatty acid analysis. 
2. the free fatty acid content is calculated as the difference between 
that in the combined free fatty acid-monoglyceride spot on the thin 
layer plate, and the monoglyceride content obtained by the glycerol 
determination. 
Table 5.1 shows that on a molar basis 51Z of the total lipids are 
phospholipids, 36Z cholesterol, 5Z glycerides (1.2% mono-, 2.1% di-, 
1.6% triglycerides) and 9Z free fatty acids. 
5.3.2 Fatty acid composition of the lipids 
The fatty acid analysis of the free fatty acids and the neutral 
lipids is carried out after one-dimensional separation on thin layer 
chromatography. Since the thiophene derivate (see section 5.2.4) is 
insoluble in chloroform/hexane, ultra-violet spot detection by means 
of this scintillator is impossible. Therefore, two samples are run in 
parallel on one plate, and after chromatography one half of the plate 
is treated with iodine vapour for spot detection, so that the invisible 
spots on the other half can be located and scraped off for fatty acid 
analysis by gas chromatography. 
Table 5.2 shows the fatty acid composition of the various lipids 
(phospholipids and neutral lipids) analysed in the Na,K ATPase 
preparation. It also gives the unsaturation index (number of double 
bonds per 100 moles of fatty acids) and averige chain length (number 
of carbon atoms) of the fatty acids. 
Knowing the fatty acid composition of each lipid, the mean 
molecular weights of these lipids can be calculated. These mean 
Table 5.1 Lipid composition of rabbit kidney Na.K ATPase preparation 
Lipid content in υg lipid/mg protein 
аз determined by: combined results 
Phospholipids 
Free fatty acids 
Monoglycerides 
Diglycerides 
Triglycerides 
Free cholesterol 
Esterified choies terol 
glycerol 
7.3±0.9 
23.5±2.8 
20.П±?.6 
(4) 
(2) 
O) 
cholesterol 
219±6 (A) 
n
.d. a 
fatty acid phosphate 
651±42 (3) 
] 48 *14 (3) b 
24.0± 2 (3) 
25.u± 2 W 
24 t 4 
mol lipid/mol 
Na,К ATPase0 
382±24 d 
67±21 e 
9± 1 
16± 1 
121 1 
249± 7 
I9± 3 
percent of 
total lipids 
51 ±3 
9 ±3 
1.2±0.2 
2.U0.2 
1.6±0.2 
33 *l 
2.5±0.4 
754 (total) 
Values are given vith standard error of the mean, and in parentheses the number of determinations. 
a n.d.: not detectable 
b monoglycerides and free fatty acids cannot be separater! on this thin layer chromatography system; the 
number given here is the weight of the total fatty acids, belonging to monoglycerides and free fatty acids. 
о calculated from the previous columns by multiplication by a factor 1.345 to correct for the falsely high 
values of the Lowry protein determination (section 4.3.3) and by using a protein molecular mass value of 
326.8 kD (section 3.4.3). Mean molecular weights are given in Table 5.2. 
d consisting of sphingomyelin, phosphatidylcholine, phosphatidylserine, phosphatidylinositol and phosphatidyl-
ethanolaraine; 68, 136, 50, 21 and 107 mol/mol enzyme, respectively (De Pont et al., 1978, see remark c). 
e calculated from b after correction for monoglycerides present. 
Table 5.2 Fatty acid composition of lipids in rabbit kidney Na,K ATPase preparation 
Fatty acid 
14:0 
16:0 
16:1 
18:0 
18:1 
18:2 
18:3 
20:1 
20:4 
20:5 
22:0 
22:1 
22:5 ω, 
22:5 ω° 
24:0 
SM 
(n-3) 
1.0±0.6 
31 ±2 
5 ±2 
13.210.2 
16 ti 
13 ±3 
6 ±3 
3.0*0.6 
13 ±1 
Averige chain 
length* 18.2 
Unsaturation 
index** 136 
Mean molecular 
weight 718 
PC 
(n-4) 
2.9*0.1 
39 ±2 
2.7±0.1 
5.4±0.1 
29.3±0.5 
15.210.2 
1.310.1 
2.710.5 
1.210.1 
17.1 
83 
760 
PI 
(n-4) 
0.410.1 
16 11 
4 11 
27 13 
12 11 
11.810.3 
0.310.1 
18 11 
0.910.1 
9 11 
18.2 
158 
875 
PS 
(n-4) 
1.110.1 
16 11 
2.510.5 
27 11 
27 11 
14.010.5 
0.810.1 
9 12 
3.510.2 
18.0 
113 
787 
PE 
(n-4) 
24 11 
9 ±2 
3 11 
6.010.5 
18 11 
9.0 ±0.5 
1.0 ±0.2 
27 11 
0.3 ±n.l 
1.6 ±0.2 
1.6 ±0.4 
17.6 
158 
729 
FFA + MG 
(n-4) 
2.610.8 
34 ±1 
3.810.5 
23 11 
19 11 
4.1 10.8 
0.6 10.2 
0.9 10.1 
0.5 10.2 
5.0 10.3 
7 13 
17.1 
76 
351(MG) 
277(FFA) 
DG 
(n-3) 
1.210.8 
29 12 
3.110.2 
18 13 
20.010.6 
7.210.2 
0.610.3 
3.611.0 
17 15 
17.7 
124 
616 
TG 
(n-4) 
10 14 
21 10.2 
5.511 
13 12 
13 11.5 
2.210.2 
1.310.5 
10 13 
4 ±2 
17 15 
3.311.4 
17.5 
188 
877 
CE 
(n-3) 
1. 
30 
4 
17 
16 
31 
1 
.311.3 
11 
12 
12 
il 
12 
17.4 
75 
555 
Composition is given in molZ with standard error of the meao for η different preparations 
* Value represents averige number of carbon atoms in the fatty acyl chain 
** Value represents averige number of double bonds per 100 fatty acyl chains 
Abbreviations: SM-sphingomyelin, PC-phosphatidylcholine, Pl-phosphatidylinositol, PS-phosphatidylserine, 
PE-phosphatidylethanolamine, FFA-free fatty acid, MG-monoglyceride, DG-diglyceride, TG-triglyceride and 
CE-esterified cholesterol 
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molecular weights are also listed in Table 5.2. Free fatty acids and 
monoglycerides are assumed to have identical fatty acid compositions. 
From the known phospholipid composition of the rabbit kidney Na,K ATP-
ase preparation (De Pont et al., 1978; see legend Table 5.1), the mean 
phospholipid molecular weight is calculated to be 753. 
5.4 DISCUSSION 
5.4.1 Lipid composition of the membrane 
Since relatively little is known about the neutral lipid content 
in membranes, we have compared our data for the rabbit kidney plasma 
membrane preparation with the few data reported for other membranes. 
The data in Table 5.3 show that in all plasma membranes the major 
lipids are phospholipids and cholesterol (2:1 to 3:1 on weight basis), 
and that only 7% of the cholesterol in our preparation is esterified 
mostly with palmitic acid (C 16:0) and docosapentanoic acid (C 22:5; 
see Table 5.2). 
All plasma membrane preparations contain considerable amounts 
of free fatty acids (except those from human erythrocytes) and also 
of glyceride (Table 5.3). It is not clear whether these two lipid 
classes are present in the native membranes in such amounts, or that 
they are introduced during isolation and purification. 
Free fatty acids (67 mol/mol enzyme) are negatively charged at 
physiological pH, which means that they contribute significantly to the 
pool of negatively charged lipids in addition to the negatively charged 
phosphatidylserine and phosphatidylinositol (51 and 21 mol/mol enzyme, 
respectively). This fact has not yet been taken into account in the 
discussion about the importance of negatively charged phospholipids 
(see section 1.6) for the activity of Na,K ATPase. 
Table 5.4 compares our values for the cholesterol and phospholipid 
contents with those published by others (J^rgensen, 1974a; Lane et al., 
1979; Maunsbach et al., 1979; Esmann et al., 1980). The rectal gland 
preparation is low in phospholipids, while the lamb kidney preparation 
is low in cholesterol. The molecular cholesterol/phospholipid ratio 
generally approaches a value of one, indicating that cholesterol is a 
major lipid component in these preparations. Molar cholesterol/phospho-
lipid ratios for other plasma membranes are 1.47 (lymphocyte), 1.30 
Table 5.3 Lipid composition of some plasma membrane preparations 
Lipid 
Phospholipid 
Cholesterol (free) 
Cholesterol (esteri 
Free fatty acid 
Monoglyceride 
Diglyceride 
Triglyceride 
Glycolipid 
Unknown 
Reference 
fied) 
rabbit kidney 
65.1 
21.9 
2.4 
4.1 
0.7 
2.4 
2.0 
n.d. 
Table 5.1 
calf 
membrane preparation 
lens rat 
percent of 
65 
31 
2.9 
1.1 
Broekhuyse and 
Kuhlman,1974 
liver 
dry wei 
60 
20 
0.4 
5.3 
6.7 
7.6 
Emnelot et 
al.,1974 
:
«
h t
* 
rat enterocyte 
51.4 
16 
1.1 
8.9 
3.7 
19.3 
Brasitus and 
Schachter,1980 
human erythrocyte 
Van 
De 
60 
24 
1.2 
<0.2 
• 
1.5 
3 
10 
ι Deenen and 
Gier,1974 
n.d.: not determined 
* where necessary, these values are calculated from literature date, assuming the lipid molecular weights 
given in Table 5.2 and in section 5.3.2 
Table 5.4 Total phospholipid and cholesterol contents of highly purified Na.K ATPase preparations from 
different sources 
Species 
Rabbit kidney 
Rabbit kidney 
Lamb kidney 
Pig kidney 
Rectal gland 
Rectal gland 
(solubilized) 
Reference 
Table 5.1 
J^rgensen,1974a 
Lane et al.,1979 
Maunsbach et al., 
1979 
Esmann et al.,1980 
Esraann et al.,1980 
Phospholipid 
content 
(mg/mg protein) 
0.65 
0.73 
0.83 
0.77 
0.39 
0.12 
cholesterol 
content 
(mg/mg protein) 
0.24 
0.30 
0.12 
0.26 
> 0.2 
0.06 
Molar ratio* 
cholesterol/phospholipid 
> 
0.70 
0.81 
0.27 
0.65 
1 
0.89 
assuming an averige phospholipid molecular weight of 753 (see section 5.3.2); the molecular weight of 
cholesterol is 387 
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(erythrocyte), 1.18 (myelin), 0.76 (hepatocyte) and 0.24 (muscle), as 
reported by Coleman and Lavieter (1981). 
5.4.2 Fatty acid composition 
According to their fatty acid composition (Table 5.2) the phospho-
lipids can be divided into three classes: 1. the highly unsaturated 
phosphatidylinositol and phosphatidylethanolamine, the former distin-
guished by relatively long fatty acids, 2. the medium unsaturated 
phospholipids sphingomyelin and phosphatidylserine, 3. the highly 
saturated phosphatidylcholine, which carries relatively short fatty acids. 
Although there is no inmediate explanation for the deviating fatty acid 
composition of phosphatidylcholine, it is striking that egg PC, which 
is often used in phospholipid exchange experiments (Hilden and Hokin, 
1976) and liposome/membrane interaction experiments (Vickers and 
Rathbone, 1979; see also chapter 6) has nearly the same fatty acid 
composition (unsaturation index: 94 vs. 83; mean chain length: 17.4 vs. 
17.1). 
The fatty acid analysis of the free fatty acids and the neutral 
lipids (Table 5.2) also indicates the existence of three classes: 
1. highly unsaturated cholesterol esters and triglycerides, 2. medium 
unsaturated diglycerides, and 3. highly saturated free fatty acids and 
monoglycerides. Since in the latter class only 10Z of the fatty acids 
belong to monglycerides and these have not been analyzed separately, 
we cannot conclude that the fatty acids of the monoglycerides are 
unsaturated. The most saturated lipids have the shortest acyl chains, 
as is also the case for phosphatidylcholine. 
Having thus analysed the composition of the membrane fragments 
in more detail, it is important to gain more information on the 
association of the different lipid classes with the enzyme molecules 
and their importance for the activity of the enzyme. This is the main 
subject of the next chapter. 
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CHAPTER 6 
REMOVAL OF CHOLESTEROL AND SUBSTITUTION OF PHOSPHOLIPIDS, EFFECTS ON 
Na.K ATPase ACTIVITY.* 
6.1 INTRODUCTION 
Random distribution of proteins in a membrane does not necessarily 
imply random distribution of lipids. The structural organisation of 
the lipids surrounding a particular protein may be influenced more 
or less by the protein involved (Watts, 1981; see section 5.1). 
This is suggested also by experiments with Ca,Mg ATPase from sarcoplasmic 
reticulum, which enzyme molecule appears to be surrounded by a ring or 
annulus of phospholipids. These phospholipids would form by selective 
interaction a shell around the protein (Hesketh et al., 1976). 
Furthermore, in view of the suggestion that cholesterol is excluded 
from the lipid annulus of Ca.Mg ATPase (Warren et al., 1975), it 
would appear that the composition of the lipid annulus of integral 
membrane proteins may differ from the overall composition of the mem­
brane lipids. However, the lipid annulus, if existing, need not 
necessarily be composed of very specific lipids, since the activity 
of Ca,Mg ATPase could, after delipidation, be restored by a variety 
of detergents (see section 1.6). 
If cholesterol is excluded from the annular lipids, variations 
in cholesterol content of the membrane should not have much effect 
on ATPase activity. For Ca.Mg ATPase preparations this has been con­
firmed (Warren et al., 1975; Johannsson et al., 1981b).However, for 
Na,К ATPase the effect of cholesterol on the activity is disputed, 
some investigators claiming it to be essential for activity, others 
denying its essential role (see section 1.6). Therefore, we have 
tried to modify the cholesterol content of a highly purified 
Na,K ATPase preparation by removing it in three different ways: 
1. extraction by hexane, 2. oxidation to choiestenon, by using the 
enzyme cholesteroloxidase and 3. by incubation with phosphatidyl­
choline liposomes. The results of these experiments led us to the 
conclusion that cholesterol is not really essential for ATPase 
activity. This could mean the existence of a cholesterol-free 
Adapted from Peters et al. (1981c) 
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(phospho)lipid annulus around the Na,K ATPase molecules. 
In order to test this annulus hypothesis, we have tried to 
replace all phospholipids present in the purified Na.K ATPase preparation 
by a single phospholipid, egg phosphatidylcholine, by means of the 
method of Warren et al. (1974), as adapted for Na,K ATPase by Hilden 
and Hokin (1976). By subsequent breakdown of this phospholipid by 
phospholipase С (De Pont et al., 1978) and following the Na.K ATPase 
activity, it should be possible to demonstrate the existence of a 
phospholipid annulus. We have been unable to replace more than 80Z 
of the phospholipids (with low yields) by phosphatidylcholine. 
This suggests the existence of a pool of poorly exchangeable phospho­
lipids, i.e. an annulus. 
6.2 METHODS 
Preparation and assay of the enzyme are described in sections 
2.2.1 and 2.2.2. The ATPase activity of the microsomes is determined 
by preincubation of microsomes (0,1 mg/ml) for 30 min at 20 С in 
25 шМ imidazole/HCl (pH 7.4), containing 10 mM EDTA and 0.06 % (w/v) 
deoxycholate. Hexane extraction, phospholipid analysis and cholesterol 
determination are described in sections 5.2.3, 5.2.4 and 5.2.8, res­
pectively. 
6.2.1 Cholesterol oxidase incubation 
To a series of tubes, each containing 75 Mg Na,K ATPase protein 
in 1 ml 50 mM Tris/HCl buffer (pH 7,4), we add per tube 20 μΐ choles­
terol esterase (7 units/ml) and 20 μΐ cholesterol oxidase (25 units/ml), 
both obtained from Boehringer, Mannheim, GFR. The tubes are incubated 
at 37 С for different lengths of time, whereupon the Na,K ATPase acti­
vities and the cholestenon contents are determined in these tubes and 
in untreated controls. 
6.2.2 Cholestenon determination 
From the tubes incubated with cholesterol oxidase, cholestenon 
is extracted twice with 2 ml of a solution containing 1.55 ml 2-propanol, 
1.4 ml η-heptane (both reagents are from Merck, Darmstadt, GFR) and 
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0.04 ml H,О. То Che control tubes cholesterol oxidase and esterase 
is added before extraction. The mixture is vortexed for 1 min, 
followed by centrifugation at А С for 10 min at 3000g. The heptane 
upper phase is removed and after partial evaporation to increase 
the sensitivity of the determination where necessary, read at 235 nm 
against the control. Standard curves are prepared by adding 0 - 50 wg 
cholesterol in 25 μΐ 2-propanol to 0.975 ml Tris/HCl (pH 7.4), 
containing O.IZ deoxycholate (w/v) and 10 μΐ cholesterol oxidase 
(4 units/ml), followed by incubation for 3 hours at 37 C. Extraction 
and measurement are then carried out as described above. Cholestenon 
is determined essentially as described by Moore et al. (1977). 
6.2.3 Preparation of liposomes 
Egg phosphatidylcholine (PC) is prepared according to Pangborn 
(1951). A solution of 50 mg PC in chloroform is placed in a 50 ml 
beaker. The chloroform is evaporated under a stream of nitrogen and 
25 ml of a 25 mM imidazole/HCl (pH 7.4) buffer, containing 1 лМ EDTA, 
100 mM NaCl and 10 mM KCl is added. The mixture is sonicated in a 
Branson B-12 sonifier, (position 5) under a stream of nitrogen at 
0 С until the 600 nm absorbance has reached a minimum value (30-90 
min). After sonification, the suspension is centrifuged for 30 min 
at 100,000 g and the supernatant containing liposomes is stored at 
-20 С under nitrogen. This liposome preparation has a PC concentration 
of 2 mg/ml. PC liposomes with higher PC concentrations (4 mg/ml) are 
prepared in exactly the same way, starting from 100 mg PC. 
6.2.4 Incubation of Na.K ATPase with liposomes 
To 0.1 ml of a purified Na,K ATPase preparation (2 mg protein/ml) 
or to 0.05 ml microsomes (8 mg protein/ml) in 1.5 ml 25 mM imidazole/HCl 
(pH 7.4) is added in multiples of 0.1 ml liposome suspension (PC content 
either 2 mg/ml or 4 mg/ml). The mixture is gently shaken for 4 hours 
о 
at 37 С under a nitrogen atmosphere. After incubation the mixture is 
loaded on a layer of 1 ml 307 (w/v) sucrose and centrifuged for 60 min 
at 125,000 g. The pellet is washed by resuspending in 1 ml 25 mM imi­
dazole/HCl (pH 7.4) and centrifuged for 20 min at 100,000 g. Control 
preparations are obtained by treating Na,K ATPase membranes in the same 
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way, but omitting the liposomes and incubating only with the liposome 
buffer. 
6.2.5 Displacement of endogenous phospholipids with exogenous 
phospholipid 
A suspension is prepared, which contains Na,K ATPase, (5 mg pro­
tein/ml),10 mg/ml chelate, 80 mg/ml egg PC, 1 M KCl, 0.12 M NaCl, 
30 шМ imidazole/HCl (pH 7.«), 1 пМ EDTA, 1 пМ cysteine and 1 пМ ATP. 
A 0.5 ml aliquot of this suspension is incubated for two hours at 0 C. 
After incubation, the suspension is placed on a discontinuous sucrose 
gradient of 4 ml 155! (w/v) and 3 ml 30% (w/v) sucrose, which is then 
centrifuged for 90 min at 150,000 g. The enzyme at the 15-30Z sucrose 
interface and the precipitate at the bottom of the tube are resuspended 
in 0.5 ml 0.25 M sucrose, 25 mM imidazole/HCl (pH 7.0), 1 mM EDTA. 
This suspension is layered on 1.5 ml 30% (w/v) sucrose. After centri-
fugation for 1 hour at 200,000 g, the enzyme is collected as a pellet 
or as a band in the 30% sucrose layer. The enzyme is stored at -20 С 
in 0.25 M sucrose, 25 mM imidazole/HCl (pH 7.0), 1 mM EDTA. Specific 
activity, phospholipid content and phospholipid composition are then 
determined. 
6.3 RESULTS 
6.3.1 Cholesterol removal by hexane extraction 
After hexane extraction of the frozen-dried Na,K ATPase preparation 
the residual enzyme activity and the residual phospholipids are deter­
mined in the pellet, and phospholipids and cholesterol in the hexane 
extract. Table 6.1 shows that the hexane extraction removes all of 
the cholesterol and about one fourth of the phospholipids. Under these 
circumstances only about one third of the Na,K ATPase activity is lost. 
The composition of the extracted phospholipids does not greatly 
differ from that of the native enzyme as previously published by 
De Pont et al. (1978). This indicates that hexane does not preferentially 
extract anyone of the phospholipids. 
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Table 6.1 Effect of hexane extraction of frozen-dried Na,К ATPase 
preparations 
pellet supernatant 
Enzyme activity phospholipid 
remaining 
phospholipid cholesterol 
extracted extracted 
(in percent of original values) 
66 ± 10 79 ± 6 26 l 3 104 l 3 
Determinations are performed as described in section 6.2 
Averige values are given with the standard error of the mean of 
triplicate determinations on three different preparations 
Figure 6.1 Reaction scheme for enzymatic oxidation of cholesterol 
to 4-cholesten-3-one 
The oxidation is performed as described in section 6.2.1 
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6.3.2 Cholesterol oxidation 
Incubation of the Na.K ATPase preparation with cholesterol esterase 
and cholesterol oxidase completely converts cholesterol to cholestenon 
in the absence of detergents, according to the reaction scheme of 
Figure 6.1. 
Virtually complete oxidation of cholesterol to 4-cholesten-3-one 
is reached after incubation for 8 hours at 37 C, as shown in Figure 
6.2. At that point the Na,K ATPase activity of a control preparation 
(no cholesterol esterase and cholesterol oxidase added) has hardly 
decreased. The treated preparation has lost only 15% activity relative 
to the control preparation. 
TIME (h) 
Figure 6.2 Relationship between cholesterol oxidation and Na,K ATPase 
activity. 
The cholesterol oxidation and determination of cholestenon and Na,K-
ATPase activity are described in sections 6.2.1, 6.2.2 and 2.2.2, 
respectively. Percent residual cholesterol (o) and percent residual 
Na,K ATPase activity (·) are plotted against incubation time. Each 
point represents triplicate measurements for 3 different preparations, 
with the standard error of the mean. 
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6.3.3 Incubation with phospholipid liposomes 
Highly purified Na,K ATPase preparations or microsomes are in­
cubated with egg PC liposomes in order to achieve exchange of cholesterol 
from the plasma membrane to the liposome. This has previously been 
described for erythrocytes (Bruckdorfer et al., 196Θ; Bruckdorfer 
and Graham, 1976; Claret et al., 1978; Vickers and Rathbone, 1979), 
for lymphocytes (Bottomley et al., 1980) and for Ca,Mg ATPase of 
sarcoplasmic reticulum (Madden et al., 1979; Johannsson et al.,1981b). 
In principle, this would be an elegant and mild way for removing 
cholesterol from the plasma membrane Na.K ATPase preparation. 
In Figure 6.3 the results of our efforts in reducing the choles­
terol content of microsomes and highly purified Na.K ATPase by incu­
bation with PC liposomes are collected. At the low PC level of 2 mg/ml 
(Fig. 6.3 A,B) 85Z cholesterol removal and at the high PC level of 
4 mg/ml (Fig. 6.3 C,D) 96Z removal should theoretically be achievable. 
However, we have never obtained more than 25Z reduction. In addition, 
we notice a marked increase of the phospholipid content of the enzyme 
preparation. In experiments with an 8-fold excess of exogenous over 
endogenous phospholipids, a 30-35Z increase of phospholipids in the 
enzyme preparation is observed, while a 32-fold excess leads to a 
80-110Z increase. This must be due to adherence of liposomes to the 
membrane fragments of the enzyme preparation. Unfortunately, all 
our efforts to remove the adhering liposomes by repeated centrifugation 
over a 30Z sucrose cushion did not have the desired effect. 
In all experiments, sometimes after a slight stimulation at low 
liposome concentrations, loss of specific ATPase activity (10-S0Z) 
is observed (for microsomes only the Na.K ATPase activity values ob­
tained after pretreatment with deoxycholate are considered). It is 
unclear in how far the coating of the membrane fragments with PC 
liposomes causes the loss of enzyme activity, rather than the partial 
removal of cholesterol. 
6.3.4 Displacement of endogenous phospholipids by phosphatidylcho­
line 
The main results of the endogenous phospholipid replacement by 
exogenous PC, are sumnarized in Table 6.2. 
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О 10 20 30 0 10 20 30 
molar phospholipid ratio ( exogenous/endogenous ) 
Figure 6.3 Incubation of microsomes and purified enzyme 
preparation with egg PC liposomes 
Microsomes (A and C) or purified enzyme preparation (B and D) are 
incubated with PC liposomes (2 mg/ml, A and B; 4 mg/ml, С and D) as 
described in section 6.2.4. Phospholipid phosphate (Δ - Δ), 
cholesterol (x - x) and specific activity (· - ·) are expressed 
as percent of the control values (see section 6.2.4). For 
microsomes after pretreatment with deoxycholate (section 6.2), the 
specific activity is given by (o - o). 
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Table 6.2 Displacement of endogenous phospholipids by egg PC 
Protein yield (¡S) 
Specific activity yield (Z) 
Increase of endogenous 
phospholipid content 
Phospholipid composition 
(Z of total) 
Sphingomyelin 
Phosphatidylcholine 
Phosphatidylserine 
Phosphatidylinositol 
Phosphatidylethanolamine 
38 ± 6 
65 ± 15 
(Z) 6 - 75 
original 
(n=15) 
17.9±0.6 
35.610.7 
13.U0.9 
5.5±0.3 
27.911.0 
(n-6) 
(n-
(n-
obtained 
(n-2) 
6 14 
79 12 
4.210.1 
1.610.1 
10 11 
•6) 
•2) 
expected 
97 
PC displacement is performed as described in section 6.2.5 
Values are given with standard error of the mean for η determinations 
As can readily be seen from Table 6.2, the results of the substi­
tution experiments are disappointing. The protein yield of the 
substituted enzyme is low, about 62Z of the starting material is lost. 
There is also a considerable loss of specific activity (351), which 
may be due to the combined effects of the detergent incubation and the 
many subsequent centrifugation steps. Another unfavorable effect is 
the increase of the total phospholipid content relative to the protein 
content (see also section 6.3.3). This means that in addition to 
phospholipid substitution, there also occurs adherence of PC. 
Phospholipid analysis of the substituted Na,K ATPase preparation shows 
that replacement has only been partial, increasing the PC content from 
36 to 79Z, rather than to the theoretically expected content of 97Z. 
Since this is partially caused by adherence of PC, real substitution 
is even less than estimated from the increase in the relative PC 
content. 
6.4 DISCUSSION 
The Na,K ATPase for its enzyme activity is lipid dependent 
(section 1.6). For one major class of lipids, the phospholipids, it 
was shown that there is no specific phospholipid requirement (Hilden 
and Hokin, 1976; De Pont et al., 1978). For another important lipid 
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class, cholesterol, there is no clear view of its role in relation 
to Na,K ATPase activity. By removing cholesterol from the membrane 
in three different ways we find no specific requirement for cholesterol. 
The question whether Na,K ATPase, in analogy to Ca,Mg ATPase, may 
be surrounded by a phospholipid annulus is not solved yet, but some 
indications for the existence of some kind of annulus, are presented. 
6.4.1 Substitution of endogenous phospholipids by phosphatidyl­
choline 
After substitution of Na,K ATPase phospholipids by egg PC, 
we reached only 79%, instead of an expected PC content of 97%. There 
appear to be two main causes for our partial failure in substituting 
the endogenous phospholipids by egg PC: 1. the increase of the 
phospholipid content of the membrane by the adherence of egg PC to 
the membrane fragments. As mentioned in the previous section, this 
may be due to the fit of this phospholipid in the membrane fragments. 
2. the apparent high affinity of the endogenous phospholipids for the 
enzyme molecule, which may result in only partial substitution of 
these endogenous phospholipids by egg PC. An indication for such a 
high affinity is also found in our observation that a small amount 
of endogenous phospholipids tenaciously cling to the SDS-solubilized, 
isolated subunits of Na,К ATPase (section 2.3.2). Recently, Johannsson 
et al. (1981a) also found a lower substitution of endogenous phospho­
lipids of pig kidney Na,K ATPase by added PC (70% vs. an expected 
value of 87%), which again indicates the existence of a pool of poorly 
exchangeable phospholipids. On the other hand Hilden and Hokin (1976) 
claimed to have substituted 100% of the endogenous phospholipids of 
shark rectal gland Na,K ATPase by PC. Using exactly the same con­
ditions for rabbit kidney Na,K ATPase, we are unable to reproduce 
their results. 
Our failure in substituting all phospholipids may be interpreted 
as evidence supporting the existence of a phospholipid annulus 
around Na,K ATPase. The exchange rate of these phospholipids must 
then, however, be far less than the value of 10 .sec calculated 
for the so-called boundary phospholipids on the basis of NMR/ESR 
experiments (see section 5.1). At an exchange rate of 10 .sec these 
phospholipids should still exchange during the relatively long 
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incubation time of the substitution experiments (2 hours at 0 C). 
6.4.2 Cholesterol depletion by incubation with phospholipid 
liposomes 
Most studies on cholesterol depletion or exchange in cells and 
virus particles by means of incubation with liposomes suffer from a 
serious artefact: a considerable fraction of the liposomes remain 
f if ml y adhering to the cell or virus surface (Pal et al., 1981). This 
is clearly also the problem encountered in our experiments. We 
invariably find an increase of the phospholipid/protein ratio, which 
indicates that liposomes stick to the Na,K ATPase containing membranes. 
Repeated centrifugation over a 30Z sucrose cushion of the incubation 
mixture does not fully separate membranes and liposomes in our hands. 
The problem is probably met by other investigators as well, since 
after completion of our experiments three alternative approaches have 
been published. Pal et al. (1981) have presented two alternative 
methods for cholesterol depletion and exchange, which would show almost 
no adherence of the exchange phospholipids to the membrane: I. the use 
of serum lipoproteins enriched with various phospholipids and 2. the 
use of a complex of bovine serum albumin, poly-vinylpyrolidone and 
phospholipids, instead of pure egg PC liposomes or vesicles. A third 
depletion and exchange method may be by incubating the membranes and 
liposomes, fully separated from each other by means of a dialysis 
membrane. Backer and Dawidowicz (1981) have shown with this approach 
that cholesterol exchange between fully separated unilamellar vesicles 
does occur, so direct contact during the exchange process does not 
seem to be required. 
The combined findings of Pal et al. (1981) and Backer and 
Dawidowicz (1981) indicate that egg PC is not the best possible choice 
of phospholipid for the cholesterol depletion and exchange experiments. 
Negatively charged liposomes are probably more suitable, since membrane 
fragments and liposomes will then repel each other. Backer and 
Dawidowicz (1981) also showed that the cholesterol exchange rate 
between charged unilamellar vesicles is equal to that between unchar-
ged vesicles. 
The fatty acid composition of egg PC is nearly equal to that of 
the PC present in the Na,K ATPase containing membrane fragments (see 
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section 5.4.2). This suggests that egg PC should fit very well in the 
membrane fragments. This may be another reason why egg PC liposomes 
and Na,K ATPase membrane fragments have such high affinity for each 
other. 
We find that the actual cholesterol depletion obtained by inter­
action with PC liposomes is much less than the theoretically expected 
depletion. This may be due to the relatively short incubation time of 
the membranes with the liposomes (4 hours at 37 C). Recent publications 
on cholesterol depletion experiments all report longer incubation 
times, ranging from 10-24 hours at 37 С (Bottomly et al., 1980; 
Johannsson et al., 1981b; Pal et al., 1981). 
6.4.3 Cholesterol removal by hexane extraction 
More success than with the liposome substitution method has been 
achieved by us with hexane extraction and enzymatic oxidation of 
cholesterol. Extraction has previously applied to erythrocyte ghosts 
by Roelofsen et al. (1966) and by Zamudio et al. (1969) and to rabbit 
kidney homogenate by Wheeler and Isern De Caldenty (1980). In these 
cases, removal of cholesterol by hexane or pentane extraction did not 
give a large decrease in Na,K ATPase activity. After lipid extraction 
however, cholesterol was the most effective lipid in restoring Na,K-
ATPase activity in rat brain microsomes (Noguchi and Freed, 1971), and 
in microsomes from Electrophorus electricus (Järnefelt, 1972). Hence, 
these investigators concluded that cholesterol would be essential 
for Na,K ATPase activity. 
In repeating the hexane extraction procedure on highly purified 
Na.K ATPase preparations from rabbit kidney, we find that hexane 
extracts all cholesterol and one fourth of the phospholipids. Since 
Na,K ATPase remains largely intact, we may conclude that cholesterol 
is not essential for the activity of this highly purified Na,K-
ATPase preparation. 
Our results appear to contradict to some extent those of Claret 
et al. (1978), who partly removed cholesterol from human erythrocyte 
membranes by incubating them with PC vesicles. This resulted in an 
increase in the maximal rate of Na efflux and a lowering of the 
apparent affinity for intracellular Na . However, they found changes 
in the kinetic parameters of the Na efflux rate only in the presence 
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oí a high intracellular К concentration, but not with a low intra­
cellular К concentration. If cholesterol depletion would have the 
same effect on kidney membranes, our experimental conditions (low Κ , 
high Na , no intact cells) would not allow us to detect such an effect. 
6.4.4 Cholesterol removal by enzymatic oxidation to cholestenon 
Studies of Bruckdorfer et al. (1969) who replaced cholesterol in 
erythrocyte membranes by other steroids, including 4-cholesten-3-one, 
have shown that the 3-hydroxyl group of cholesterol is very important 
for its association with other membrane constituents. Figure 6.4 shows 
the most probable position of cholesterol between the phospholipids, 
when it is incorporated in the membrane lipid bilayer. The external 
orientation of the 3-OH group explains its easy oxidation in situ by 
cholesterol oxidase. 
Figure 6.4 The proposed disposition of cholesterol in one bilayer 
leaflet of a membrane. 
The possible coulombic attraction between polar lipid head group, 
as well as their Η-bonding with the sterol 3-OH group at the aqueous 
interface is indicated. Adapted from Coleman and Lavi êtes (1981). 
We have achieved complete conversion of the cholesterol in the 
purified Na,K ATPase preparation to 4-cholesten-3-one by a mild 
treatment with cholesterol esterase and cholesterol oxidase. This 
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conversion causes only 15% loss of the Na,К ATPase activity (Fig. 6.2). 
It is not inmediately clear why Seiler and Fiehn (1976) find a linear 
relationship between cholesterol oxidation and decrease of Na,K ATPase 
activity in erythrocyte ghosts, but possibly the accumulating 
cholestenone has an adverse effect in the intact ghost which does not 
manifest itself in membrane fragments. Our results seem to justify the 
conclusion that cholesterol is not essential for Na,K ATPase activity. 
In conclusion we may state that the results reported in this 
chapter indicate: I. there is no specific requirement of cholesterol 
for the activity of Na,K ATPase, 2. there is some indirect evidence 
for the existence of a phospholipid annulus around the Na,K ATPase 
molecule. 
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CHAPTER 7 
STRUCTURE OF K,H ATPase; A COMPARISON WITH Na.K ATPase* 
7.1 INTRODUCTION 
K,H ATPase is a plasma membrane ATPase like Na,K ATPase. It is 
located in the parietal cells of the gastric mucosa and is involved 
in the acid secretion process of the stomach (Sachs et al., 1978; 
Forte et al., 1980; De Pont and Bonting, 1981; Schrijen, 1981a; see 
also section 1.7). The enzyme is able to generate a proton gradient 
across the membrane, apparently through an electroneutral exchange of 
H and К ions (Sachs et al., 1976). The reaction mechanism of this 
gastric H pump resembles that of Na,K ATPase in many respects, except 
that H ions are transported instead of Na ions (Wallmark et al., 
1980; Stewart et al., 1981). 
The enzyme can be isolated from the gastric mucosa of various 
species as a vesicular membrane fraction by i-sopyknic gradient centri-
fugation and subsequent free flow electrophoresis (Saccomani et al., 
1977) or zonal electrophoresis (Schrijen, 1981a, pp. 22-24). SDS Poly­
acrylamide gel electrophoresis of the purified membrane fraction 
reveals one main protein band with an apparent molecular mass around 
100 kD, which comprises more than 70% of the total amount of protein 
and which can be phosphorylated by ATP (Sachs et al., 1976; Saccomani 
et al., 1977; Schrijen et al., 1980). 
When they subjected the K,H ATPase preparation, purified by means 
of free flow electrophoresis to isoelectrofocussing, Sachs et al. (1979) 
obtained a pattern which suggested heterogeneity of the 100 kD band. 
From the results obtained by tryptic digestion, Saccomani et al. (1979) 
concluded that the 100 kD band would consist of three separate proteins: 
a catalytic subunit, a glycoprotein and a third unknown protein. A 
minimum molecular mass of about 300 kD for the protein part of the 
enzyme would thus be required. This interpretation appeared to be 
supported by an estimation of the target size of K,H ATPase by means 
of radiation inactivation, which yielded a molecular mass value of 
270 kD at -50OC and 324 kD at 20OC (Saccomani et al., 1981). 
We have solubilized the purified enzyme preparation in SDS and 
isolated the 100 kD subunit fraction by gel filtration. The isolated 
* Adapted from Peters et al.(1982b) 
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procela fraction thus obtained has been studied for heterogeneity by 
various approaches. No evidence for heterogeneity has been found. The 
chemical composition and the molecular weight of the subunit have also 
been determined, and we compare them in this chapter with the corres­
ponding properties of the catalytic subunit of Na,K ATPase. We find 
a striking similarity between the structure of both catalytic subunits, 
leading us to the conclusion that both subunits must be genetically 
related. 
7.2 METHODS 
7.2.1 K,H ATPase preparation 
The enzyme is isolated from porcine gastric mucosa according to 
Schrijen (1981a, pp. 22-24). The specific activity of the preparation 
ranges from 80-110 pmol P. liberated per mg protein per hour. 
7.2.2 Solubilization and gel filtration 
The enzyme is solubilized in SDS and is subjected to gel filtration 
on a 2.6 X 95 cm column of Sephadex G 200 superfine (Pharmacia, Uppsala, 
Sweden), as previously described for Na,K ATPase (section 2.2.4). After 
gel filtration the fractions are, when necessary, concentrated to the 
desired volume on a Minicon-B concentrator (Amicon, Lexington, Mass., 
USA). 
7.2.3 SPS gel electrophoresis 
SDS gel electrophoresis is performed on 16 χ 16 χ 0.075 cm Poly­
acrylamide gradient gels (7-153 acrylamide, w/v) according to Laemmli 
(1970; see section 2.2.7). 
7.2.4 Removal of SDS 
SDS is removed by dialysing the concentrated protein solution 
(280 nm absorbance 0.3-1.2) at 4 С for 24-28 hours against a suspension 
of 30-40 ml Dowex AG I χ 2 resin (200-400 mesh, acetate form; Biorad, 
Richmond, Cal., USA) in 200 ml 50 mM Tris/acetate buffer of pH 7.4 
(see section 3.2.1). 
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7.2.5 Molecular weight determination 
Molecular weight and sedimentation coefficient are determined in 
0.05 M Trie/acetate buffer (pH 7.4. Ρ - 1.003 g/cm ) by equilibrium 
centrifugation as previously described (section 3.2.2), except that 
the centrifugal speed is reduced to 6000-6800 rev./minute in order 
to obtain proper equilibrium. 
7.2.6 Determination of the N-tenninal amino acid 
About 0.5 mg of subunit protein is used for N-terminal amino 
acid determination. Coupling with dansylchloride, hydrolysis and 
chromatography are performed as described by Weiner et al. (1972). 
7.2.7 Coupling to concanavalin A 
A 0.5 ml sample of subunit protein solution (280 ran absorption: 
0,2-0.6) is dialysed for 2-4 hours against 100 ml buffer containing 
10 ntt Tris/acetate (pH 7.4), 0.5 mM Mg acetate, 1.0 mM dithioerythritol 
(Sigma Chemicals, St. Louis, Mo, USA), 1.0 M-NaCl. Concanavalin A-
Sepharose beads (Pharmacia, Uppsala, Sweden) are washed by suspending 
them three times in the former buffer, followed by centrifugation 
for 1 min at 15,000 g. The subunit is then coupled to the 
concanavalin A-Sepharose beads by adding 0.1 ml of the bead 
suspension to the subunit solution and incubating the mixture 
for 60 min at 20 С under gentle shaking (Poliquin and Shore, 1980). 
After the coupling reaction the beads are sedimented (1 min at 15,000 g). 
Before and after the coupling reaction, the 280 run absorbance is 
measured to determine the amount of binding. Blank preparations without 
subunit protein are used to correct for 280 ran absorbance due to 
concanavalin A released from the Sepharose beads. The specificity of 
the concanavalin A binding is checked by incubating bovine serum 
albumin solutions with the beads in the same way as described above. 
No binding of albumin is detected. 
7.2.8 Alkylation with citraconic anhydride 
The 100 kD subunit (0.5-1 mg protein) ia dissolved in I ml 0.31 
aqueous SDS solution at room temperature, and 10 μΐ citraconic 
anhydride (Sigma Chemicals, St. Louis, Mo, USA) is added. The solution 
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is kept at pH 8.5 by addition of 0.1 M NaOH. After 3 hours a further 
10 МІ citraconic anhydride is added, again maintaining the pH at 8.5. 
When the pH has become stable, the solution is dialysed overnight 
against 3 wM NaOH (pH 8.5), is freeze-dried and stored at -20OC to 
prevent de-citraconilation of the protein (Habeeb and Atassi, 1970). 
7.2.9 Analytical methods 
Enzyme protein is determined by means of the Lovry method 
(section 4.2.4.1). Bovine serum albumin, dissolved in 0.25 M sucrose, 
serves as the standard. Absolute protein determinations are performed 
by amino acid analysis, after correction for incomplete hydrolysis 
and destruction of certain amino acids (section 4.2.4.2) while trypto­
phan is determined spectrophotometrically by the method of Edelhoch 
(1957). Comparison of the two protein determinations shows that the 
Lowry method for K,H ATPase gives values that are 42% (SE 3, n=5) 
too high (section 4.3.3). 
Carbohydrate analysis is carried out after hydrolysis in 2 M 
HCl at 100 С in sealed evacuated glass tubes in darkness (see also 
section 2.2.5). When sialic acid is analysed, hydrolysis is performed 
in 0.1 M H.SO, for I hour at 80OC. Times of hydrolysis are 2.5 hours 
for neutral sugars and 1-3.5 hours for amino sugars. Neutral sugars 
are assayed by gas liquid chromatography according to Langeveld et al. 
(1978), amino sugars are determined on the amino acid analyser and 
sialic acid is measured by means of the fluorimetrie assay of Hammond 
and Papermaster (1976). The phospholipid content of the fractions, 
obtained by gel filtration and after evaporation of the solute is 
measured by determining the organic phosphate content by means of a 
modified Fiske-Subbarow method (Broekhuyse, 1968). 
7.3 RESULTS 
7.3.1 Stability of Na,K ATPase and K,H ATPase preparations 
We have tested and compared the stability of both highly purified 
Na,K ATPase and Κ,Η-ATPase preparations by incubating the enzymes at 
4°, 20° and 370C for up to 98 hours. In Fig. 7.1 the results of both 
enzymes are shown. 
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Figure 7.1 Percent of residual activity of Na,К ATPase and Κ,H ATPase 
plotted vs. time of incubation. 
Na,K ATPase or K,H ATPase are incubated in tue absence (closed sym­
bols) or in the presence (open symbols) of ATP (0.1 mM) in 0.25 M 
sucrose, 1 mM EDTA, (25iiM imidazole/HCl pH 7.4 in the
o
case of 
Na,K ATPase). Incubations are at 37 С (Δ or A ) , at 20 С (α or •) 
and at 4 С (o or ·). After the indicated times an aliquot is taken 
and activity is determined as described in section 2.2.2 (Na,K ATP­
ase) or as described by Schrijen et al. (1980) for Κ,Η ATPase. 
At all three incubation temperatures, Na,К ATPase in the ab­
sence of ATP has a stability which is comparable to that of 
K,H ATPase in the presence of ATP. At 370C in the absence of ATP, 
K,H ATPase has lost all activity after 50 hours, while the Na,K ATP­
ase activity has lost 30Z after 98 hours. These observations indi­
cate that K,H ATPase has a lower stability than Na,K ATPase, which 
is very stable. 
An even more pronounced stabilizing effect of the substrate 
for Na,K ATPase is noticed, when the enzyme is solubilized in 
Lubrol HX. Na.K ATPase (0.4 mg/ml) solubilized in Lubrol WX (0.8 mg/ml), 
shows no loss of activity after 98 hours at 37 С in the presence of ATP 
(5 mM), in the absence of ATP it loses 855Е activity in 98 hre. at 37 C. 
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7.3.2 Subunit preparation 
In order to isolate the subunit(s) a solubilized K,H ATPase 
preparation is subjected to gel filtration on Sephadex G 200 super-
fine. The upper part of Figure 7.2 displays the protein and phos-
pholipid patterns thus obtained. The protein pattern shows one major 
sharp peak after 125-150 ml eluate followed by a low and diffuse 
protein band. Figure 7.3 shows the SDS Polyacrylamide gel electro-
phoretic pattern of these bands, with the slot numbers corresponding 
to the fraction numbers at the top of Fig. 7.2. The sharp peak gives 
a single major band at ca. 100 kD (slots 3 and 4 ) , whereas the diffuse 
band is very heterogenous (slots 5 and 6 ) . Slot 7 represents the 
protein pattern of the original K,H ATPase preparation before gel 
filtration, indicating the true proportions of the different proteins 
seen in slots 2-6. Clearly, the low, diffuse protein band in the 
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Figure 7.2 Protein ( χ — χ ) and phospholipid ( · — · ) patterns of the 
purified K,H ATPase, after solubilisation and gel filtration (section 
7.2.2) on Sephadex G 200 superfine (upper part). The 100 kD subunit 
fractions 3 and A are collected, concentrated and gel filtered again 
(lower part). Compare with the patterns obtained for На,К ATPase 
in Figs. 2.1 and 2.3. 
. g 0 ~ ·• 
Figure 7.3 SDS gel electrophoresis pattern of purified K,H ATPase 
after gel filtration on Sephadex G 200 superfine (section 7.2.2). 
The slot numbers 1-6 correspond to the fraction numbers indi-
cated in Fig. 7.2. Slot 7 represents the purified K,H ATPase before 
gel filtration. 
upper part of Fig. 7.2 probably represents contaminating proteins 
in the enzyme preparation, which would not be subunits derived 
from the enzyme. 
The phospholipid pattern in the upper part of Fig. 7.2 in-
dicates that the bulk of the phospholipids is seperated from the 
protein. A small part of the phospholipids remains attached to the 
100 kD subunit fraction, even after a second gel filtration of the 
concentrated fraction (Fig. 7.2, lower part), just as we have pre-
viously observed for Na,K ATPase (section 2.3.1 and 2.3.2). 
7.3.3 Chemical composition of the 100 kB subunit preparation 
The 100 kD subunit fractions 3 and 4 (Figs. 7.2 and 7.3) are 
collected, concentrated and subjected to amino acid and sugar 
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analysis. Table 7.1 presents the amino acid composition and the 
percentage of hydrophobic amino acids. The amino acid composition 
resembles very closely that of the catalytic subunit of Na,K ATPase 
from rabbit kidney (correlation coefficient 0.983), which for 
comparison is also shown in Table 7.1. The same is true for Ca,Mg ATP-
ase from rat sarcoplasmic reticulum (Reithmeier et al., 1980; 
correlation coefficient 0.961). The similarity with the ß-subunit 
of Na,K ATPase is less pronounced (Table 2.3, correlation coeffi-
cient 0.81). 
Table 7.1 Amino acid compositions of the 100 kD subunits of K,H ATP-
ase and Na.K ATPase 
Amino acid 
content in mol/lOO mol amino acid 
K,H ATPase Na.K ATPase 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Cysteine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Tryptophan 
Histidine 
Lysine 
Arginine 
9.6 
6.2 
6.7 
10.9 
5.0 
7.6 
8.4 
0.8 
6.0 
2.8 
5.2 
10.1 
2.7 
4.5 
1.7 
1.6 
5.6 
5.0 
10.5 
6.0 
7.2 
10.4 
4.6 
8.0 
8.2 
0.9 
6.7 
2.3 
6.5 
9.3 
2.3 
4.0 
1.6 
1.9 
5.6 
4.7 
Hydrofobic amino acid content*: 43.5% 
Amino acid analysis is performed as described in section 4.2.4.2. 
Averages for analyses on two preparations after 10,24,48 and 72 
hours hydrolysis. Values for valine and isoleucine are extrapola-
ted to infinite time of hydrolysis. *Proline, alanine, valine, 
methionine, isoleucine, leucine, phenylalanine and tryptophan. 
Data for the a-subunit of Na.K ATPase are from Table 2.3. 
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There is also good agreement with Che amino acid composition 
of electrophoretically purified gastric vesicles (Sachs et al., 1980; 
correlation coefficient 0.970). The higher serine value found by 
Sachs et al. (8.4 vs. our value of 6.7 molZ) is probably due to the 
presence of much more phosphatidylserine in their preparation 
compared to our almost delipidated 100 Ю subunit preparation ( see 
Fig. 7.2). The slightly lower values for isoleucine, leucine and 
valine from Sachs et al. (4.5, 9.3 and 5.4 compared with our values 
of 5.2, 10.1 and 6.0, respectively) may be due to the use of a re­
latively short hydrolysis time (22 hrs) by Sachs et al. (1980). 
Hydrolysis of membrane proteins is not yet complete after 22 hrs. 
(Fig. 4.2) especially for amino acids like valine and isoleucine. 
The percentage of hydrophobic amino acids (see Table 7.1) 
is 43.5%, which is virtually identical with that of the catalytic 
subunits of Na,K ATPase (43.21, Table 2.4) and Ca.Mg ATPase (42.8Z 
without tryptophan, Reithmeier et al., 1980) and only slightly 
higher than the value for total gastric vesicles (40.3Z without 
tryptophan, Sachs et al., 1980). 
Table 7.2 presents the carbohydrate composition of the 
100 kD subunit preparation, indicating the presence of the neutral 
sugars mannose, galactose, glucose and fucose, the amino sugars 
glucosamine and galactosamine and some sialic acid. Except for fucose 
and galactosamine the same sugars are found in the a-subunit of 
Na,K ATPase in almost exactly the equal amounts (see Table 7.2). 
Most of these carbohydrates have also been reported for 
gastric vesicles by Sachs et al. (1980), although there is much 
less carbohydrate present in our 100 kD subunit preparation: (8.3 
vs. 28 g/100 g protein). This difference may have two causes: 
1. the minor proteins present in the purified K,H ATPase preparation 
of Sachs et al. may be predominantly composed of glycoprotein with 
a high carbohydrate content, 2. a considerable amount of glycolipid 
may be present in the pig gastric membrane, as has been reported 
by Sen and Ray (1979). 
The phospholipid content of the 100 kD subunit preparation 
after a second gel filtration procedure has been computed from the 
organic phosphate content. Assuming 90Z of the phosphate originating 
from phospholipids, as was found for Na,K ATPase (section 2.3.2) 
and using a mean molecular weight of 753 for the phospholipids of 
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Table 7.2 Carbohydrate composition of the 100 kO subunits of 
К,H ATPase and Na,К ATPase 
content 
Κ,Η ATPase Na,К ATPase 
Carbohydrate g/IOOg protein mol/100 mol 
amino acid 
mol/100 mol 
amino acid 
Mannose 
Galactose 
Glucose 
Fucose 
Glucosamine 
Galactosamine 
Sialic acid 
Total 
1.2 ± 0.6 
2.0 ± 0.4 
1.4 ± 0.3 
0.5 ± 0.2 
2.2 ± 0.1 
0.8 ± 0.1 
0.17 ± 0.06 
8.3 ± 0.8 
0.8 * 0.4 
1.2 ± 0.25 
0.9 ± 0.2 
0.3 ± 0.1 
1.0 ± 0.05 
0.4 ± 0.05 
O.06 ± 0.02 
4.7 ± 0.5 
0.3 ± 0.1 
0.9 l 0.1 
0.9 ± 0.2 
2.0 ± 0.2 
0.3 ± 0.1 
4.4 ± 0.3 
Carbohydrate analysis is performed as described in section 7.2.9 
For K,H ATPase averages for three determinations on three preparations 
are given with standard error of the mean. 
Data for Na,K ATPase are from Table 2.5 
Table 7.3 Composition* and partial specific volume** of the 100 kD 
subunit of K,H ATPase 
content 
(1 of total weight) 
partial specific 
3 
volume (cm /g) 
Protein 
Carbohydrate 
Phospholipid 
Complete 
88.3 
7.1 
4.6 
100.0 
0.7391 
0.6366 
0.9759 
0.7427 
•Calculated from the data in section 7.3.3 (phospholipid content) 
and Table 7.2 (carbohydrate content) 
••Calculated as described in section 3.2.2 
Amino acid , carbohydrate and lipid composition are from Table 7.1, 
7.2 and Schrijen et al. (1981b) respectively. 
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Κ,H ATPase (Schrijen et al., 1981b) then 5.2 g (SEM 0.5, n-3) of 
phospholipid is present per 100 g of protein. For the α-subunit 
of Na,К ATPase the phospholipid content is 1.8 g/100 g protein which 
is considerably less. 
Table 7.3 sunmarizes the results of the chemical analysis, 
giving the protein, carbohydrate and phospholipid contents of the 
100 kO subunit preparation and their partial specific volumes. 
The latter values have been used in the determination of the mole­
cular weight of the 100 kD subunit. 
7.3.4 Homogeneity of the subunit preparation 
Four different approaches have been used in order to test 
the homogeneity of the isolated subunit preparation: sedimentation 
analysis, N-tenninal amino acid analysis, citraconic anhydride 
alkylation and concanavalin A binding studies. 
- Sedimentation studies 
Sedimentation analysis of the 100 kD subunit preparations 
shows that immediately after detergent removal only the monomeric 
form is present, but after a few hours dimere appear. Sedimentation 
coefficients of 4.6 (SE 0.4, η·2) for the monomeric form and 8.5 
(SE 0.1, n-2) for the dimeг have been obtained (Table 7.4). The 
sedimentation profile is symnetric, so other than aggregation no 
evidence for heterogeneity has been found in these sedimentation 
studies. 
- N-tenninal amino acid determination 
Demonstration of more than one terminal amino acid would con­
stitute direct proof for the existence of different protein species 
in the subunit preparation. The 100 kD subunit preparation has been 
dansylated and the dansylated protein has been subjected to hydro­
lysis and two-dimensional thin layer chromatography. Only a serine 
spot is detectable, which is missing after prior removal of bound 
phospholipids by extraction with chloroform/methanol according to 
Folch et al. (1957; see section 5.2.2). Thus, the serine spot must 
have originated from phosphatidylserine bound to the protein. The 
possibility that the dansylation reaction would not have proceeded 
normally can be ruled out, since the hydrolysate after thin layer 
chromatography reveals the normal reaction products resulting from 
- 92 -
dansylation of a protein (dansyl-OH, dansyl-NH and dansylated non-
terminal tyrosine and lysine). Therefore, we must conclude that the 
terminal NH, group is probably blocked, and that these experiments 
provide neither evidence for heterogeneity, nor proof of homogeneity, 
but statistically they favour homogeneity. 
-Alkylation with citraconic anhydride 
When a mixture of proteins of equal molecular mass is reacted 
with citraconic anhydride, it can be expected that due to differences 
in lysine content or in reactivity towards this reagent, the citra-
conylated proteins will differ in molecular weight. The electropho-
retic protein band should then widen or even seperate in different 
bands. 
Fig. 7.4 shows the SDS Polyacrylamide gel electrophoresis 
pattern of the whole enzyme before and after treatment with citra-
conic anhydride. After citraconylation the mobility of the 100 kD 
band is lowered. This must be due to an increase of the molecular 
Figure 7.4 SDS gel electrophoresis pattern of purified K,H ATPase 
before (slot 2), and after citraconilation (slots 1 and 3) 
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mass (maximally by 7.0 kD) by alkylation of the lysine ε-ΝΗ. groups, 
which effect is partly compensated by the conversion of positively 
charged amiho groups to negatively charged carboxyl groups, leading 
to increased mobility on the SDS gel. However, no splitting or even 
widening of the band occurs, which makes heterogeneity of the 100 kD 
subunit fraction unlikely. 
-Concanavalin A binding 
Since we have found a considerable amount of mannose and glucose 
in the 100 kD subunit fraction (Table 7.2), we may assume the pre­
sence of at least one concanavalin A binding glycoprotein in the 
fraction. Study of the binding of the 100 kD subunit fraction to 
concanavalin A could show the presence of a substantial amount of 
sugar-free protein. We have determined the percentage of the 100 kD 
protein, which will bind to concanavalin A. We find that 86Z (SOI 3Z, 
n-7) of the subunit protein binds to concanavalin A, while a control 
protein (bovine serum albumin) does not bind al all. This means 
that at least 86Z of the 100 kD band is composed of glycoprotein, 
a value which is more than double the value of 35Z suggested by 
Saccomani et al. (1979). It ie so high that the presence of a stoi­
chiometric amount of a sugar-free 100 kD protein subunit is highly 
unlikely. 
In conclusion, it can be stated from these four approaches 
that no clear evidence for heterogeneity of the 100 kD subunit 
preparation is obtained, and that most likely there is only a single 
subunit present. The presence of multiple bands after isoelectro-
focussing of the K,H ATPase preparation, as performed by Sachs et al. 
(1979), need not necessarily indicate heterogeneity of the 100 kD 
subunit. It could also be due to one or more of the following con­
ditions: 1. their preparation contains besides the 100 kD band minor 
contaminating proteins, 2. the carbohydrate part of a glycoprotein 
may be heterogeneous (Marshall and Hokin, 1979), and 3. part of the 
100 kD (catalytic) subunit in the preparation may be phosphorylated. 
7,3.4 Molecular weight of the main subunit 
The molecular mass of the 100 kD subunit is determined by 
equilibrium sedimentation in the absence of detergent. Immediately 
after detergent removal, we have subjected the subunit solution to 
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a sedimentation run for two reasons: 1. to see whether or not the 
preparation is contaminated by other proteins or other substances 
absorbing light at 280 ran, and 2. to determine a minimum sedimentation 
coefficient which would represent the monomeric form of the subunit. 
The sedimentation run takes only 30-60 min, whereas the molecular 
weight determination by equilibrium sedimentation requires 16-48 hours, 
and in that time aggregation has taken place. 
The sedimentation run showed a single peak for the derivative 
of the 280 nm absorbance vs. distance from the rotor axis, and no 
rest extinction at the top of the centrifuge cell. This means that the 
subunit fraction is probably not contaminated by other proteins or any 
non-sedimenting 280 пш absorbing substance. 
Figure 7.5 SDS gel electrophoresis pattern of purified K,H ATPase 
(slot 1), and purified Na,К ATPase (slot 2) 
Specific activity of K.H ATPase is 98, and of Na,K ATPase 1150 umol 
Pi. mg_'protein. hour-'. 
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From the plot of the moving protein boundary vs. time, a 
sedimentation constant of 4.6 S is found for the subunit fraction 
taken immediately after removal of detergent. For samples taken at 
later times the sedimentation coefficient increases to 8.5 S over a 
2-3 hr period. This indicates that aggregation takes place. 
The molecular mass of the monomer of the main subunit of 
K,H ATPase can be approximated to be about 130 kD on the basis of the 
following two findings: I. the sedimentation coefficient (4.6 S) is 
equal to that of the a-subunit of Na,K ATPase, which has virtually 
the same chemical composition and has a total molecular mass of 133 kD 
(Table 3.2), 2. the mobility of the main subunit of K,H ATPase during 
SDS Polyacrylamide gel electrophoresis (Figure 7.5, slotl) is equal 
to that of the a-subunit of Na.K ATPase (Figure 7.5, slot2). 
With this prior information the equilibrium sedimentation 
procedure could be applied in order to obtain a more definitive 
value for the subunit molecular mass. 
Starting the collection of data after 7 hours, we find only 
2 
after 16 hours a lineair plot of log A vs. r (Figure 7.6). 
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Figure 7.6 Equilibrium sedimentation of water-soluble, detergent-free 
100 kD protein of K,H ATPase. 
The 280 run absorbance of the starting solution was 0.45 in a 50 mM 
Tris/acetate buffer (pH 7.4). Rotor speed was 6000 rpm for 48 hours. 
The log A vs. r2 plot represents the situation after 16 hours centri-
fugation. Single experiment, representative for six experiments. 
After 24 and 48 hours broken lines are obtained, indicating further 
aggregation. 
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Using the partial specific volume, given in Table 7.3, we calculate 
from the plots obtained in six experiments a mean molecular mass 
value of 498 kD (SE 12). This can only mean that the A98 kD entity 
represents a tetramer since the monomeric molecular mass value is 
about 130 kD. The mean molecular mass value of the monomer subunit 
including phospholipid must then be 124.5 kD (SE 3, n z6), for 
protein + carbohydrate 119 kD (SE 3, n=6) and for protein only 
110 kD (SE 3, n-6). The molecular mass values are barely lower and 
not significantly different (p<0.05) than the corresponding values 
for the o-subunit of Na.K ATPase, being 133, 131 and 121 kD 
respectively (Table 7.4) 
Table 7.4 Sedimentation coefficients and molecular mass values of 
the catalytic subunits of K,H ATPase and Na,K ATPase. 
Sedimentation coefficient 
monomer 
dimer 
Molecular mass (kD) 
total 
Molecular mass 
protein + carbohydrate 
Molecular mass 
protein only 
do" 13 sec) 
Κ,Η 
4.6 ± 
8.5 ± 
124.5 ± 
119 ± 
110 ± 
ATPase 
0.4 (n=2) 
0.1 (n»2) 
3 (п-б) 
3 (n=6) 
3 (n-6) 
Na.K ATPase 
4.6 ± 0.4 
7.6 ± 0.6 
133 ± 4.5 
131 ± 4.5 
121 ± 4.6 
Sedimentation coefficients and molecular mass values are determined 
as described in sections 3.2.2 and 7.2.5. 
Averages are given with standard error of the mean for the indicated 
number of determinations. Data for Na.K ATPase are from Table 3.2 
7.4 DISCUSSION 
7.4.1 Homogeneity of the catalytic subunit preparation of 
K.H ATPase 
From four rather different approaches we must conclude that the 
100 kD subunit preparation is most probably homogeneous. Sedimentation 
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studies do not reveal heterogeneity, no different N-tenninal amino 
acids are detected, alkylation with citraconic anhydride gives a 
clear shift of the 100 kD band upon SDS Polyacrylamide gel without 
band splitting or widening, and concanavalin A binding shows that 
86% is glycoprotein. This conclusion that the 100 kD fraction 
represents a single subunit is further supported by the following 
two observations on the composition: First the amino acid 
composition of the isolated subunit closely resembles that of the 
catalytic subunits of Na,K ATPase and Ca.Mg ATPase, which are both 
homogeneous. Secondly the carbohydrate composition of the 100 kB 
subunit of Κ,H ATPase is very similar to that of the a-subunit of 
Na,K ATPase. On the other hand the amino acid and carbohydrate 
compositions of the isolated subunit are both rather different 
from those of the β-subunit of Na,К ATPase (Tables 2.3 and 2.5). 
Hence, our findings contradict the conclusion of Saccomani 
et al. (1979) that the 100 kD subunit would be composed of three 
proteins, present in about equal amounts and one of them being a 
glycoprotein. Their conclusion is based in part on the observation 
that during digestion of the 100 kD subunit fraction by trypsin 
the periodic acid Schiff staining intensity remains unchanged in 
the remaining one-third part of'the preparation. However, this 
staining method is both insensitive and irreproducible, so that 
no quantitative conclusions may be drawn from it. Moreover, it 
is dangerous to draw conclusions about the heterogeneity of a 
protein from its behaviour after enzymatic digestion. Finally, 
their results are complicated by the use of a vesicular preparation 
of the enzyme. As they themselves point out, if there would be equal 
quantities of right side out and inside out vesicles, which would 
be leaky to ATP, but not to trypsin, then their results could also 
be interpreted in terms of two subunits, a catalytic subunit and 
a glycoprotein. In view of our data for concanavalin A binding, and 
our further evidence for homogeneity of the 100 kD subunit fraction 
we conclude that only one (catalytic) subunit is present, which is 
a glycoprotein, just like the a-subunit of Na,K ATPase from rabbit 
kidney outer medulla is a glycoprotein (Table 2.5 or 7.2). 
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7.4.2 Molecular mass of the catalytic subunit of K,H ATPase 
The molecular mass for the catalytic subunit of Κ,Η ATPase 
found by equilibrium sedimentation is 119 kD (protein + carbohydrate). 
This value is higher than the value of 105 kD obtained by SDS 
Polyacrylamide gel electrophoresis (Saccomani et al., 1977). The high 
electrophoretic mobility may be due to the relatively high content 
of hydrophobic amino acids, which can lower the apparent molecular 
weight obtained from gel electrophoresis (De Jong et al., 1978). 
7.4.3 Structural similarities between the different transport 
ATPases 
The value of 119 kD for the molecular mass of the catalytic 
subunit of Κ,Η ATPase is slightly lower than the corresponding value 
of 131 kD for the a-subunit of Na,K ATPase. Recently, Niggli et al. 
(1981) have determined by SDS gel electrophoresis a value of 125-140 
kD for the molecular mass of the catalytic subunit of Ca,Mg ATPase 
from erythrocyte plasma membrane. Together with the similar amino 
acid and carbohydrate compositions of the catalytic subunits of 
Κ,Η ATPase and Na,К ATPase, this indicates a strong structural 
similarity of the catalytic subunits of at least the latter two trans­
port ATPases. 
From the combined data presented in this chapter, we come to the 
following picture of the isolated and purified Κ,Η ATPase. The enzyme 
contains only one subunit, the catalytic subunit, which is a glyco­
protein with a protein molecular mass of 110 kD (SE 3). This subunit 
resembles in many ways the a-subunit of Na,K ATPase from rabbit 
kidney. Radiation inactivation studies of the purified enzyme 
preparation have yielded a molecular mass value of 444 ± 10 kD for 
Κ,Η ATPase (Schrijen, 1981a, p. 120). This leads us to the conclusion 
that the enzyme is a tetramer, at least in the isolated, purified 
membrane preparation. Most probably, purified Na,K ATPase is also 
composed of a tetramer of subunits, two catalytic (a) and two non-
catalytic (β) subunits (section 3.4.3), while purified Ca,Mg ATPase 
from sarcoplasmic reticulum seems to be a tetramer of catalytic 
subunits (Klingenberg, 1981). In the presence of relatively high 
concentrations of non-ionic detergents however, both Na,K ATPase 
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(Brotherus et al., 1981) and Ca,Mg ATPase (Dean and Tanford, 1978; 
Miller et al., 1980), are claimed to be composed both one catalytic 
subunit (in the case of Na,K ATPase supported by an extra ß-subunit), 
which contains ATPase activity. For K,H ATPase there are no comparable 
data for the enzyme solubilized in a non-ionic detergent. 
In conclusion ve may say that the structural composition of 
the catalytic subunits of the three transport ATPases is very similar, 
and the enzyme in purified preparations consists of a tetramer of 
subunits. The molecular organisation of the ATPases in the native 
membrane is still subject to some uncertainty. 
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CHAPTER 8 
GENERAL DISCUSSION 
8.1 Protein structure of Ma,К ATPase 
At the beginning of this study much uncertainty about the struc­
ture of the Na,K ATPase complex, the molecular weight and molar ratio 
of its Bubunits, existed. In the last few years agreement has been 
reached on the molar ratio of the subunits of Na,K ATPase. Our results 
reported in this thesis and in a paper by Peters et al. (198la) have 
been confirmed by two independent publications (Peterson and Hokin, 
1981; Craig and Kyte, 1981). All three studies report a 1:1 molar ratio 
for the a- and 0-subunits of Na,K ATPase from a variety of sources, 
and an α β. composition as the most probable structure of the highly 
pur if ied enzyme. 
The resulting, more accurate knowledge of the molecular weight 
of the enzyme and the error in the Lowry protein determination 
detected in the course of this study also showed that simultaneous 
phosphorylation of the two a-subunits is possible (Peters et al., 
1981b). This rules out the previously suggested "half of the sites" 
mechanism for purified Na,K ATPase. 
An interesting question was raised by this finding of one 
functioning phosphorylation site per a-subunit, viz. whether the fully 
active Na,K ATPase requires an ouB. °r an αθ entity and which of 
these would be present in the native membrane. There are two ways 
to possibly provide an answer to this question. The first way is to 
solubilize the highly purified enzyme in a non-denaturing detergent 
(C-.E , Brotherus et al., 1981; 3-[(3-cholamidopropyl)-dimethylam-l ¿ о 
monio]-]-propane sulfonate (CHAPS), Hjelmeland, 1980) in a medium 
containing all ingredients (except ATP) required for an inmediate 
ATPase assay. The relation between particle size and ATPase activity 
should then be followed at increasing detergent concentration. A 
system which seems particular suitable for this purpose is a high 
pressure liquid chromatography column, capable of separating proteins 
and coupled to a low angle laser light scattering apparatus, which 
is able to indicate the molecular weight. Within 30 min after solubi­
lization, particle separation could then be performed with subsequent 
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determination of molecular weight and ATPase activity. 
A second way would be to determine molecular size by radiation 
inactivation studies. The enzyme would again be solubilized in a medium 
which permits a direct ATPase assay. Increasing amounts of detergent 
(С,„Е0 or CHAPS) are added and activity is determined. The mixture l¿ о 
is rapidly frozen in liquid nitrogen, whereupon the target size is 
determinated by radiation inactivation. The relation between target 
size and ATPase activity should at least give an indication of the 
smallest, completely active Na,K ATPase molecule composition. The 
target size of the SDS-solubilized, denatured a-subunit should also 
he determined, viz. by following the decrease in Coomassie brilliant 
blue staining capacity after SDS Polyacrylamide gel electrophoresis, 
as described by Saccomani et al. (1981) for the 119 kD subunit from 
K,H ATPase. This should give an indication which part of a lipo/ 
glycoprotein complex like Na,K ATPase or its subunits is determined 
by the radiation inactivation method: the protein part only or the 
protein with its covalently bound carbohydrate or even including 
the non-covalently bound lipids. 
8.2 Lipid structure of the Na,K ATPase complex 
The membrane fragment surrounding the Na,K ATPase protein is 
mainly composed of phospholipids and cholesterol, but considerable 
amounts of free fatty acids and glycerides are also present, as 
shown in this study (chapter 5; see also Peters et al., 1981c). 
There does not seem to be a specific requirement for any phospho­
lipid (Hilden and Hokin, 1976; De Pont et al., 1978), and in this 
thesis we show that cholesterol is not essential for Na,K ATPase 
activity. However, some kind of phospholipid annulus seems to be 
required (chapter 6). This is also suggested by the following 
findings. After solubilizing the enzyme in С.-Ед (2 mg/mg protein), 
Esmann et al. (1980b) obtained a completely active enzyme with a 
phospholipid content of 0.12 mg/mg protein (50-60 mol phospholipid/ 
mol enzyme). At а С _E„/protein ratio of 3:1, the enzyme activity 
is 70-90%, and at а С -E-Zprotein ratio of 6:1, the activity 
decreases to around 30% of that of the control preparation. This 
suggests that the 50-60 mol phospholipid per mol enzyme is about the 
minimum quantity of phospholipids needed to maintain full ATPase 
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activity, A value of SS mol phospholipid per mol enzyme is also reached 
without considerable loss of activity after enzymatic breakdown of 
phospholipid by phospholipase С incubations (De Pont, unpublished 
results). 
To further test the annulus hypothesis it should be nice to combine 
the solubilization of Esmann et al. (1980b) and Brotherus et al. (1981) 
with the phospholipase С breakdown of De Pont et al. (1978). However, 
this approach requires a complete separation of the solubilized enzyme 
and the non-bound phospholipids after solubilisation, which turns out 
to be rather difficult to accomplish (Esmann et al., 1979; Peters et al., 
unpublished results). 
8.3 Phosphorylation of the B-subunit of Na.K ATPase 
The a-subunit of Na,K ATPase can be phosphorylated at an aspartyl 
residue by the action of the enzyme itself, i.e. without the need of 
a protein kinase. This a-subunit phosphorylation is a normal step in 
the reaction mechanism of the enzyme.It converts the enzyme to a high-
energy form, which can transduce chemical binding energy into ion 
movements through a conformational change to a low-energy form, (sec­
tion 1.3). 
Recently, it has been claimed that the ß-subunit of Na,K ATPase 
can also be phosphorylated. This would occur at a tyrosyl (Spector 
et al., 1980; Racker, 1981), or at a seryl residue (Zaheer et al., 
1981a) by the action of a protein kinase. As a result of this phos-
phorylation the Na,K ATPase would become deficient in transporting 
cations across the membrane. In Ehrlich ascites tumour cells this 
B-eubunit phosphorylation has been claimed to occur in vivo (Spector 
et al., 1980), although this claim has been retracted to some extent 
(Racker, 1981). It is interesting to find out whether this in vivo 
ß-subunit phosphorylation is a general phenomenon in tumour cells. 
If such is the case, it could offer an explanation for the high 
intracellular Na content (Zs-Nagy et al., 1981) and the high speci-
fic activity of Na,K ATPase (Block and Bonting, 1964) observed in 
many tumour cells. 
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8.A Immunology of Na,K ATPase 
Since Na,K ATPase is a very conservative and generally occuring 
enzyme system, it is relatively difficult to raise antibodies against 
it. Furthermore, the protein part of the enzyme is largely embedded 
within the cell membrane (Farley et al., 1980), so if antibodies 
are raised to the native enzyme, only a limited number of possible 
antigenic sites is available. Schellenberg et al. (1981), raising 
rabbit antiserum against purified lamb kidney holoenzyme by frequent 
injections of the enzyme, obtained suitable antisera only 107 days 
after the first injection. Thus it is desirable to raise antibodies 
against the holoenzyme as well as against the isolated, denurated 
subunits. 
We have tried to raise rabbit Na,K ATPase antisera against rabbit 
kidney holoenzyme and its denatured, isolated and purified subunits. 
At first site this seems to be a dull approach. However, it should 
be realized that 1. there generally occur differences in primary 
structure of a protein within the same species, although these diffe­
rences might be less in such a conservative protein, and 2. the de­
natured, almost lipid-free,isolated subunits are sufficiently different 
from the naturally occuring, normal rabbit proteins so as to be 
recognized by the immune system of the rabbits. Notwithstanding this 
the rabbits did not produce antibodies to the holoenzyme or the 
isolated subunits within 55 days after the first injection. Currently, 
we are trying to raise goat antiserum against rabbit kidney holoen­
zyme and its isolated subunits. 
8.5 Similarity between transport ATPases 
We have presented evidence that the catalytic subunits of the 
known animal transport ATPases, Na.K ATPase, Κ,H ATPase and Ca.Mg-
ATPase, are very similar in chemical composition as well as in 
function. 
It is interesting to note that this similarity stretches even 
to plasma membrane ATPases isolated from yeast (Saccharomyces 
cerevisiae; Foury et al., 1981) and mold (Neurospora; Dame and 
Scarborough, 1981), which seem to act as proton transport systems. 
They also contain a catalytic subunit of around 100 kD, as is the 
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case for the animal transport ATPases. Furthermore, the Neurospora 
catalytic subunit is phosphorylated at an aspartyl residue, which 
is also the phosphorylation site in Na,K ATPase and Ca,Mg ATPase. 
The 100 kD catalytic subunit, therefore, seems to be common to all 
eukaryotic ATPases. It would therefore be very interesting to further 
compare the chemical and structural composition of all these eukaryotic 
transport ATPases. 
The similarity of the catalytic subunit of Na,K ATPase, 
isolated from organisms which are evolutionary distant, is also 
revealed by the cross-reactivity of antiserum, prepared against the 
a-subunit of lamb kidney Na,K ATPase, with a-subunits of Na,K ATPases 
from various species (Schellenberg et al., 1981). In this regard 
it would be very interesting to test the cross-reactivity of anti­
serum against the Na,K ATPase α-subunit on K,H ATPase, Ca,Mg ATPase 
and the yeast and mold plasma membrane ATPases. 
In conclusion, we may say that the catalytic subunit of at 
least the animal transport ATPases is a very conservative protein, 
which emphasizes the importance of these ATPases for life. 
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SUMMARY 
Na,К ATPase is a plasma membrane enzyme which can be found 
in all animals cells. The enzyme generates and maintains the Na 
and К ion gradients across the cell membrane. These gradients are 
essential for the proper functioning of excitatory processes like 
in nerve and muscle; for secretory processes like secretion of pan­
creatic fluid, saliva, aquous humour and cerebrospinal fluid; and 
possibly for protein synthesis. 
In chapter 1 our present understanding of the structure, func­
tion and mechanism of the Na,K ATPase system as well as its purification 
is succinctly reviewed. A comparison with structure and mechanism 
of the two other known transport ATPases is also made: 1. K,H ATPase, 
isolated from the plasma membranes of the gastric parietal cell, 
which ATPase is essential for the gastric acid secretion process, 
and 2. Ca,Mg ATPase, isolated from the sarcoplasmic reticulum of 
the muscle cell, which plays a key role in the contraction-relaxation 
process of the muscle. 
Chapter 2 describes the isolation and purification of the 
Na,K ATPase from rabbit kidney outer medulla, as well as the 
solubilization and separation of the subunits of the enzyme. The 
enzyme is composed of two subunits, a 100 kD catalytic subunit (α) 
and a 50 kD subunit of unknown function (S). Both subunits are 
chemically characterized and it is shown that both subunits are 
glycoproteins with high affinity for phospholipids. The separated 
subunits, after detergent removal, are water soluble for a few days. 
In chapter 3 we report the determination of the molecular 
mass of both subunits by equilibrium centrifugation in the absence 
of detergent (131 kD and 62 kD, protein + carbohydrate, for a- and Θ-
subunit respectively). A 1:1 molar ratio of the a- and g-subunits 
has been determined by three independent methods. From the subunit 
molecular mass values and their molar ratio the most probable subunit 
composition of the purified enzyme is found to be α-,β.. 
During these studies a considerable discrepancy has been noticed 
between the protein values obtained with the conmonly used Lowry 
method and by means of amino acid analysis. The Lowry method is a 
comparative method, while the second method is an absolute method 
which, if properly performed, approximates the true protein content 
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of a preparation. This discrepancy has important consequences for 
the values of enzyme parameters resting on protein determinations, 
such as specific activity, turnover number, and number of substrate 
binding and phosphorylation sites. Previously published values of these 
parameters for Na.K ATPase and other membrane bound enzymes, when 
based on Lowry protein determinations are off by a considerable 
amount. 
In chapter 4 a number of parameters for Na,K ATPase is re­
calculated, using our values for the molecular mass and the molar 
subunit ratio and taking into account the error in the Lowry protein 
determination. The number of phosphorylation sites per enzyme 
molecule thus calculated rules out the existance of a "half of the 
sites" mechanism. Another consequence is that an αβ monomer may 
represent a fully active form of the Na,K ATPase, since this entity 
possesses all characteristics needed for the enzymatic mechanism 
In chapter 5 the lipid composition of the isolated, purified 
enzyme system is studied. In addition to phospholipids, the membrane 
fragments contain about an equal molar amount of cholesterol, which 
is largely non-esterified. The other neutral lipids present include 
free fatty acids and mono-, di- and tri-glycerides. The fatty acid 
composition of all lipids has been analysed. The considerable amount 
of free fatty acids, which are negatively charged at physiological 
pH, should be considered in discussions about the role of negatively 
charged (phospho)lipids for the Na.K ATPase activity. 
Chapter 6 deals with the role of cholesterol for the enzyme 
activity. The effect of removal of cholesterol on the enzyme activity 
is determined. Incubation of the membrane fragments with phospholipid 
liposomes yields only partial removal of cholesterol. Quantitative 
removal of cholesterol can be achieved by hexane extraction, while 
enzymatic oxidation leads to complete conversion of cholesterol to 
cholestenon. In both cases there is only a minor loss of enzyme 
activity, indicating that cholesterol as such is not essential for 
the Na.K ATPase activity. 
In order to study the phospholipid dependence of the enzyme, 
we have tried to replace all endogenous phospholipids by exogenous 
phosphatidylcholine. This was possible only to a limited extent, 
about 20% of the endogenous phospholipids remaining in the membrane 
fragments. This suggests that the enzyme molecule is surrounded by 
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an annulus of phospholipids, vhich do not easily exchange. 
In chapter 7 the subunit structure of K,H ATPase of pig gastric 
mucosa is studied. Solubilization and fractionation, as previously 
carried out for Na,K ATPase leads to a single main 100 kD protein 
fraction. By means of four independent methods it is shown that this 
fraction is probably homogenous. It consists of a glycoprotein, which 
shows great structural and functional similarity with the catalytic 
a-subunit of Na,K ATPase. The molecular mass of this subunit is 
determined (119 kD protein + carbohydrate, 110 kD protein only). From 
the molecular mass of the purified enzyme, earlier determined by 
radiation inactivation, it is concluded that the K,H ATPase molecule 
is composed of a tetramer of catalytic subunits. 
The last chapter presents a general discussion of the results 
obtained from our study. Suggestions for further investigations of 
structure and mechanism of these transport ATPases are supplied. 
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Na,К ATPase, enkele aspecten betreffende structuur en mechanisme van 
het enzym 
SAMENVATTING 
Na,К ATPase is een enzym dat voorkomt in het plasma membraan 
van alle dierlijke cellen. Het enzym dient voor het instandhouden 
van de Na en К ionengradienten over het celmembraan. Dit is van 
essentieel belang voor de vele processen vier optimale werking nauw 
beantwoordt aan bepaalde ionenconcentraties (b.v. de eiwit synthese) 
en voor de vele fysiologische processen die gedreven worden door het 
bestaan van ionengradienten over het plasma membraan (b.v. zenuw­
excitatie of vloeistofsecretie). 
In hoofdstuk 1 van dit proefschrift is een simpel en kort 
overzicht gegeven van de huidige stand van zaken wat betreft zuivering 
van het enzym, eiwit en membraan struktuur en mechanisme van het 
Na,К ATPase. Verder wordt een vergelijking getrokken met andere 
membraan ATPases, te weten: 1. K,H ATPase, geïsoleerd uit de plasma 
membranen van parietale cellen uit de varkensmaag, welk enzym nauw 
betrokken is bij de maagzuursecret ie 2. Ca,Mg ATPase, geïsoleerd 
uit het membraan van het sarcoplasmatisch reticulum (betrokken bij 
spier contractie/relaxatie) of geïsoleerd uit het plasma membraan 
van verschillende celtypen (verzorgt het instandhouden van een gradient 
2+ 
van vrije Ca ionen over het celmembraan). 
Hoofdstuk 2 beschrijft naast de isolatie en zuivering van het 
enzym uit de buiten medulla van konijnennieren, de methoden die ge-
bruikt zijn voor de solubilisatie en scheiding van de twee subunits 
van het enzym. Ook zijn deze geïsoleerde subunits chemisch gekarak-
teriseerd. Naast de 0-subunit, blijkt ook de a-subunit een glyco-
proteine te zijn. Beide subunits hebben een grote affiniteit voor 
fosfolipiden en zijn na verwijdering uit het membraan zonder aanwe-
zigheid van detergentia enkele dagen oplosbaar in water. 
Hoofdstuk 3 gaat verder met de bepaling van de molecuulgewichten 
van beide geïsoleerde subunits door middel van evenwichtscentri-
fugatie. Tevens wordt via drie min of meer onafhankelijke methoden 
de onderlinge verhouding van de subunits bepaald, waaruit de meest 
waarscnijnlijke samenstelling van het gezuiverde Na,К ATPase 
berekend kan worden. 
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Tijdens het voorafgaande onderzoek bleek een aanzienlijk ver­
schil te bestaan tussen de resultaten van eiwitbepalingen, gedaan met 
de zeer gebruikelijke Lowry methode of via kwantitatieve aminozuur 
analyses. De eerste methode (Lowry) is een vergelijkende methode, 
terwijl de tweede een absolute methode is die het werkelijke eiwit­
gehalte het meest benadert (mits goed uitgevoerd). De vinding, dat 
de Lowry methode te hoge waarden geeft, blijkt een aanzienlijk aantal 
konsequenties te hebben voor verschillende enzymparameters zoals: 
turn-over getal, specifieke activiteit, aantal fosforylerings- of 
substraat- bindings plaatsen. Vele van deze parameters die in het 
verleden voor het Na,К ATPase en andere enzymen of eiwitten gepu­
bliceerd zijn, moeten in dit verband herzien worden. In hoofdstuk 
4 zijn een aantal parameters van het Na,К ATPase opnieuw bepaald, 
rekening houdende met de hogere molekuulgewichten van de beide 
subunits, hun equimolaire verhouding in het enzym en een correcte 
eiwitbepaling. 
Uit deze metingen blijkt dat aantal fosforyleringsplaatsen 
één per αβ is, hetgeen tot gevolg heeft dat een eerder door ande­
ren gepostuleerd werkingsmechanisme voor het enzym, het zg. "half 
of the sites" mechanisme, verworpen kan worden. Ook leidt dit tot 
de mogelijkheid dat het enzym minimaal kan bestaan uit een αβ-
eenheid, terwijl het toch volledig aktief is. 
Hoofdstuk 5 behandelt de samenstelling van het membraangedeelte 
van het enzym. Na.K ATPase is namelijk een enzym dat alleen in ak-
tieve vorm geïsoleerd kan worden als het ingebouwd blijft in ten-
minste een gedeelte van het oorspronkelijke membraan. 
Naast de fosfolipiden samenstelling, die al bekend was, zijn de 
neutrale lipiden bepaald, alsmede de totale vetzuursamenstelling 
van alle vetzuren bevattende lipiden. Het blijkt dat in het membraan 
ook relatief veel vrije vetzuren voorkomen, die bij fysiologische 
pH negatief geladen zijn, maar die in de discussies over de rol 
van negatief geladen (fosfo)lipiden op de Na,К ATPase aktiviteit 
nooit betrokken zijn.Het membraangedeelte bevat ook veel cholesterol 
(de molaire cholesterol/fosfolipid ratio is ongeveer één), dat voor 
verreweg het grootste gedeelte uit vrij cholesterol bestaat. 
Hoofdstuk 6 gaat verder in op de functie van cholesterol 
(als kwantitatief zeer belangrijk lipid) voor de enzymaktiviteit. 
Hiervoor is geprobeerd cholesterol op een drietal manieren uit het 
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membraan te verwijderen en vervolgens het effekt op de enzymaktiviteit 
te bestuderen. De verwijdering lukte volledig via een extraktie met 
hexaan alsmede door enzymatische afbraak van cholesterol, echter maar 
zeer gedeeltelijk door extraktie van cholesterol met behulp van 
liposomen bestaande uit fosfatidylcholine. Volledige verwijdering 
van cholesterol heeft nauwelijks invloed op de enzymaktiviteit, 
zodat gekonkludeerd kan worden dat cholesterol niet essentieel is 
voor de enzymaktiviteit. 
Getracht is ook alle fosfolipiden in het membraangedeelte te 
vervangen door één fosfolipide ni. fosfatidylcholine, geïsoleerd 
uit eidooier, met de bedoeling de fosfolipiden afhankelijkheid van het 
enzym verder te bestuderen. Dit is slechts ten dele gelukt. Het is 
niet onmogelijk, dat een gedeelte van de membraan fosfolipiden een 
grotere affiniteit tot het eiwit heeft, dan de rest van de fosfo-
lipiden. Dit zou erop kunnen wijzen dat er een soort "annulus", 
een ring van vrij sterk met het eiwit geassocieerde lipiden, rond 
het enzym bestaat. 
Hoofdstuk 7 geeft de solubilisatie, isolatie en chemische 
karakterisering van de belangrijkste eiwit komponent, een 100 kD 
eiwit, van het K,H ATPase uit de varkensmaag weer. Via een aantal 
verschillende methoden is waarschijnlijk gemaakt, dat deze eiwit-
komponent homogeen is en uit een glycoproteine bestaat, wat qua 
structuur en functie erg veel lijkt op de katalytische (a) subunit 
van het Na,К ATPase. Ook het molekuulgewicht van deze subunit is 
bepaald. Gekombineerd met het molekuulgewicht van het totale enzym, 
eerder verkregen m.b.v. de "radiation inactivation" techniek, kan als 
meest waarschijnlijke samenstelling van het gezuiverde K,H ATPase 
een tetrameer structuur gepostuleerd worden. 
Het laatste hoofdstuk tenslotte geeft voornamelijk een korte 
algemene beschouwing over de in dit proefschrift weergegeven re­
sultaten, alsmede enkele suggesties voor verder onderzoek aan 
de plasma membraan ATPases in het algemeen en Na,К ATPase in het 
bijzonder. 
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verbonden aan de afdeling Biochemie van de Faculteit der Geneeskunde 
en Tandheelkunde van de Katholieke Universiteit Nijmegen (hoofd: 
Prof.Dr. S.L. Bonting). Het hiervoor beschreven promotieonderzoek 
is uitgevoerd onder leiding van Prof.Dr. J.J.H.H.M. de Pont en 
Prof.Dr. S.L. Bonting. Tevens begeleidde hij in het kader van zijn 
onderwijstaak, doctoraalstudenten in de scheikunde en biologie en 
leverde hij een bijdrage aan praktika en werkcolleges voor eerste 
en tweede jaars studenten medicijnen en tandheelkunde. 
In 1978 trouwde hij met Marleen Buskes. Geboren werden 
Bram (1979) en Willem (1981). 

STELLINGEN 
1. Op grond van de grote overeenkomst in chemische samenstelling 
die er bestaat tussen de katalytische subunits van Ka,К ATPase en 
К,H ATPase, is het te verwachten dat de katalytische subunit van 
plasma membraan Ca,Mg ATPase een glycoproteine is. 
Dit proefschrift, hoofdstuk 7. 
2. De eindstandige amino zuur bepaling van een membraan eiwit dient, 
na het vinden van serine als eindstandig amino zuur herhaald te 
worden, na een zorgvuldige lipiden extraktie van het eiwit 
preparaat. 
Dit proefschrift, hoofdstuk 7. 
3. Door kortdurende ultracentrifugatie (>IOO.00O g; 20 min.) van 
gezuiverd Na,К ATPase kan al een aanmerkelijk verlies aan specifieke 
aktiviteit optreden. 
Champeil, P., Büschlen, S. and Guillain, F. (1981) Biochemistry 
20, 1520-1524 
Dit proefschrift, hoofdstuk 4. 
4. De door velen zo veelvuldig gebruikte eiwitbepaling volgens Lowry 
et al., wordt bijna evenzovele malen verkeerd gebruikt. 
Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. 
(1951) J. Biol. Chem. 193, 265-275. 
5. De suggestie van Periyasamy et al., dat de betrekkelijke ongevoelig-
heid voor ouabaine van Na,К ATPase van de rat te danken is aan de 
primaire structuur van dat enzym, wordt niet door bewijzen of 
aanwijzingen ondersteund. 
Periyasamy, S.M., Lane, L.K. and Askari, A. (1979) Biochem. 
Biophys. Res. Conraun. 86, 742-747. 
6. Om meer inzicht te krijgen in het lipoproteinen metabolisme van de 
mens, met name de omzetting van VLDL naar LDL en HDL, is voor de 
"in vivo" bestudering de rat minder geschikt dan het varken of de 
kip. 
Zuivel en Voeding, 3e jaargang 1981 (Uitgave van het 
Nederlands Zuivelbureau, Rijswijk) 
7. Gekombineerd met zijn getalswaarde verdient de term "molekulaire 
massa" de voorkeur boven "molekuul gewicht". 
8. Burkey and Gross leveren onvoldoende bewijs voor hun konklusie 
dat de veranderde redox eigenschappen van plastocyanine, na reaktie 
met een carbodiimide, het gevolg zijn van het exclusief modificeren 
van de carboxyl-groepen op dat eiwit. 
Burkey, K.O. and Gross, E.L. (1981) Biochemistry 20, 2961-2967 
Biochemistry 20, 5A95-5499 
9. In veel proefschriften, geschreven in een vreemde taal, ontbreekt 
ten onrechte de Nederlandse titel op de titelpagina of boven de 
Nederlandse samenvatting. 
10. Het begrip "reageerbuis-baby" is misleidend. 
11. De brede maatschappelijke diskussie (BMD) over kern-energie dreigt 
een BMD over de BMD te worden. 
12. De aanduiding "Isotopen Laboratorium" is volstrekt overbodig. 
W.H.M. Peters, 26 maart 1982 


